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SUMMARY

The second DARPA Workshop on Concurrent Design was held on Dec. 6-8, 1988. The

of the first one (Dec. 1-3, 1987) was to examine the premise that successful
applications of Concurrent Design (CD)/ Concurrent Engineering (CE) have taken place
in U.S. industry, and that these techniques could be employed by DoD to reduce costs,
increase quality, and to reduce the procurement cycle time. ,

The purpose of the second one was to present a status report on DoD and DARPA
activities during the past year. This included results of DoD studies on implementation

options, status report on DARPA, DoD, AF/WAL, and U.S. Army programs as well as
reports on CD/CE Industrial Activities of note.

Two themes‘ emerged at last year's workshop that were reinforced this year. These are
short-term and long-term approaches to CD/CE. DoD efforts in CD/CE are mainly
directed at the short-term approach, while DARPA is pursuing the long-term. DoD
tatives feel that CD/CE is the way to focus and xmplement the department's
~ Total Quanty Management objective.

The short term issue is to implement the team approach to product development as fast
2s possible without waiting for any new technology. Such technology is not really
needed for immediate implementation of teams; instead. the main barriers are
institutional: work habits and methods, procurement policies and contracting methods,
management attitudes. It is likely that companies that do not adopt teams will be left

behind by those that do. Noté that calling it short-term does not mean that it can
always be implementsd quickly.

The long term approach is based on tmproving the team approach through research that
‘gives teams better tools with which to communicate, to resolve design issues, and to
predict design effects. A major purpose of the workshop was to provide feedback to
DARFA on the research needs and to suggest a structure for dlverse research toplcs.

The technical focus of the second Workshop was a serics of seven panels designed to

explore the various facets of the architecture for a computer-based intelligent system for
CD/CE.

“ The panels were:

+ Features as knowledge representation

- User interface

-CD methodology/partiﬂomng,

- Theory of geometry/tolerance representation,

- Interface standards

- Intemgent database design and network support .. ,7

.~ CD architecture capability/technology needs : 0} -
There was one additional panel (called Application reaction) composed of people
experienced with large complex system design, from aerospace, NASA and DOE, who
were asked to comment on the workshop. They commented on the research issues raised
by the technical panels, the implemeéntation strategies proposed by DoD and DARPA, the

tmportance of the CD/CE work to DoD, and particularly the lxnportance of starting
implementation of CD/CE now.

Two concerns the organizers had before the meeting were: a) the issue of semantics, and
b) whether the attendees would agree or disagree with the manner in which CD/CE
- architecture had been structured into 7 panels. Apparently, the workshop preparation
was sufficient to make both items non-issues. Note: In preparation, each panel member




a paragraph addressing the following points: 1) research issues, 2} the status of
the research and 3) recommendations for further research. These 'position papers’ were
then assembled and transmitted to each invitee 10 days before the actual workshop.

In general the workshop attendees' interest was very high. The consensus view was that
the workshop was timely, very important because it provided a focus for this new and
very important work for DoD, and that it was well supported by the groups important for
‘his area. That is, researchers, possible implementers - aerospace and DoD suppliers,
and funding agencies. The workshop went a long way to building a community for this
area. Further the DOE and NASA representatives attending the meeting expressed
strong interest in getting CD/CE started in their agencies.

Table 1 lists the recommendations of the various panels.
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Table 1
Panel Recommendations

Panel #1 - katum asKrwwledgeReprmentation

Research Topics

Feature Semantics

Ontology, constraint language _
Composition rules, process representation

Mapping between pempecuves levels of abstractlom modes
function & structure « process

Maintaining consistency, inconsistency
Feature Cutalogues, retrieval

Feature definition, eéxtraction

(B
-
|
i
|
i
|
|
' Substrates:
C Dlstﬂbuted.. persistent, databases
‘ I ' . Integration with other representation:
' e.g., geomeiry, process plans ...
' . : Design History, Intent
i
t
|
i
i
i
i
i

Environments for feature-based design

Panel #2 - Man-Machine Interface

If people do not use our computerized design systems, then all our work is
in vain, We must do design the way people do it!

We view the man-machine interface problem as one of communication.

We believe that 3-D visualization is an enabling technology for man-
machine communication.

We belleve that the research issues as detailed above must be actively
pursued.

Panel #3 - Concurrent Engineering Methodology/Partitioning

¢ IDA: "Don't wait for CE research results [the CE formalismy};
study existing success stories, start implementing CE now!"




e IDEF ‘information-flow modeling

¢ INTROSPECT organization analysis
¢ CE-for-CE
¢ Continue these workshops (semi-annually)

i’aﬁel # 4 - Theory of Geometry/Tolerance Réprsentations

Geometﬂc information, including tolerances, is crucial for Concurrent
Engineering. Theory, representations and algorithms are much better
understood for nominal or ideal objects than for toleranced objects.

Continuing support for research on solid modeling is needed and a new
emmt?sis on tolerancing is essential to tackle the many issues
identified.

Remark: More information on tolerancing is available on a
forthcoming report on a NSF Workshop on Mechanical Tolerancing.

Panel # 5 - Interface Standards

"If automation techr.blogy is to be successfully applied to concurrent

engineering, it is vital that the application of standards be clearly
understood. Standards provide the capablility of integrating "plug
compatible” systems. Since concurrent engineering consists of a set of
life cycle processes that must be able to communicate information
continuocusly through the product life, uniform standards are an obvious
means of insuring successful systems integration. As the prototype
systems are designed and devcloped, it is imperative that the researchers
be aware of existing and emerging standards.

Recommendations
¢ Product Data Framework Implementations
- EIS (VSIC env.) ‘
- OLIS (PDES)
- DES Inc. (mech. parts/ PDES)
- NIST (Level 11l PDES mech pa'ts)
¢ Process Interface - NGC
¢ CD/CE Interfaces
- DARPA DMO/DICE

- DARPA ISTO/Mfg. testbed




- DoDOEIS
¢ Feature Definition/Extraction
¢ Feature Driven Processing (e.g. First Cut)
¢ Expansion of IRDS to Support PDES
¢ CALS Testbed Network
¢ National PDES Testbed

Panel #6 - Intelligent Database and Network Support.

¢ Promote commercial vendor participation in Cencurrent
' Engmeermg lssua/Projects

. Learn more about relation of database and knowledge representation
for concurrent engineering needs

* Review PDES model Jor database and knowledge representation -
viewpoints (3rd and 4th fevels)

¢ Investigate neutral storage/transfer formats for generic object
structures

¢ Research needs for version, change, and concurrency management

¢ Demonstrate datobase prototypes in real applications to assess
practical needs

Panel #7 - CD Architecture Capability/Technology Needs

The panel agreed that a concurrent design environment should
‘have the following features:

I. The environment must support msng_n_or ml_uangn from the
earliest phases of dwlgn and assist the designer to use th
. In sequential design, most
evaluation is done on relatively complete. detailed designs. In fact,
most analytical "cols apply only to detailed designs, To design
concurrently,  must have the ability to evaluate partial,
incomplete de:4: /3 at the conceptual stage. .

The evaluation rust be carried out along multiple attributes
reflecting the product's life-cycle: e.g., performance, lite-cycle cost,
manufacturability, development time, risk, supportability.

The evaluation must let the designer keep some requirements and

constraints open - you won't have adequate knowledge initfally to
fix them.
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' . ‘“The environment must supl;oxt dggqmng_s_mgn of requirements and

traceability of requirements down to design features and
manufacturing processes. It must highlight trade-offs and make
members of the design teamn aware of changes which lead to
marginal increases in performance at Jarge marginal cost.

III. The environment must support constraint and constraint
propagation/tracking: who "owns" the constraints, what
constraints are being violated by whom and with what
consequences. This should include constraints on coinputational
resources used to support the design effort.

IV. The environment must suppor: collaberation and pmvide a means
for negotiating tradeoffs.

V. The environment must support rapid calculations at low cost to
permit the design team to explore a wide number of options and

reduce the teldency to over design engendered by insufficient
analysis.

Panel #8-ApplicationReacti6n '

The general view of the members of the Applications Reaction Panel ana
other industrial representatives polled is that Concurrent Engineering
principles are an effective way to implement some of the objectives of
Total Quality Management. CE is widely regarded as a means to shorten
the development time through consideration of "downstream” elements
during the concept development and detailed design activities. '

The industrial representatives further expressed the unanimous view
that the absence of specific CE technology or more sophisticated tools is
not an inhibitor to the introduction of CE. As expressed by several
observers, we must simply get on with the implementation of CE by
leadership, training and organizational changes; the automation tools

will follow. It was urged that joint DoD/Industry/Academe effort to
create a CE roadmap be started.

Finally, the suggestidn that a broad program of communication,
education and training should be begun. The implementation of CE is
viewed fundamentally as an organizational and leadership issue.

Education of the leaders of our nation, the Congress and the Executive .

Branch, and the leaders of our educational system to bring to them the

vision of the benefits of Total ‘Quality Management and Concurrent.

Engineering as an enabling technique is essential to creating a positive
environment for the real social change which is required.




ORGANIZATION | g

- The DARPA Concurrent Design/Concurrent Engineering (CD/CE) Workshop as
organized had two principal parts, namely presentations and workshop panels. The

presentations were concerned with the CD/CE aims and goals of DARPA, DeD, AFWAL

and U.S. Army programs. Other presentations described the status of currently funded

DARPA CD/CE programs as well as industrial programs of note based on CD/CE
principals.

The principal work of the Workshop was the seven technical panels designed to explore
the various facets of the architectures for computer-based intelligent systems for CD/CE
design. The panels were organized in a plenary serial fashion. Breakout rooms were
provided for those wishing to explore further detail with the individual panels.
Apparently very little use was made of these rooms.

It was intended that panel members give brief presentations of their views of the
research issues, status of knowledge and implementation status of the various
architecture facets. The audience would then join in the discussion. Unfortunately, the
panel presenters tended to use up most of the allotted panel timie leaving little or no time
for comments from the floor, thus most of the comments were made in between sessions.
At the end of the workshop, each panel chairman summarized the deliberations of the
panel session. The technical output of the workshop consists of the panel
recommendations summarized in Table 1. The recommendations were concerned with
CD/CE architecture research issues, intermediate goals for testing these new systems, as
well as ways of integrating this developing knowledge into current DoD programs.

Eresentations

¢ DARPA and DoD presented the aims and goals of their respective CD/CE
programs. Presentations included the DARPA Defense Manufacturing Office
(DMO) |- the sponsor of this Workshop: DARPA Information Science Technology
Office {ISTO): the DoD Weapons Systems Support Improvement Group, the Air
Force Wright-Patterson Aeronautical Laboratories Concurrent Engineering
Office; | and the Army LHX Program.

e The rﬁults of two recently sponsored DoD studies on implementation options:

- "Industrial Insights on the DoD Conzurrent Engineering Program”
The Pymatuning Group, Inc.

- "The Role of Concurrent Engineering in Weapons System Acquisition"
The Institute for Defense Analysis

e Desérix*t.ions of DARPA-DMO programs
. GE/UWVA DICE (DARPA Initiative in Concurrent Engineering)

- CSDL Expert Systems for Manufacturing of Smart Weapons
Components

e CD/CE Industrial Activities of note

- Boeing Aerospace Corporation BSD "Developmental Operations (DO)"
Program

- IBM "Total Concept Facility” for the Design >f Mainframe Computers
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- P &W GMAP Program
- STARS/SW Producibility

There were 96 invitees and 87 attendees, and as indicated earlier the ‘community’ felt
that the workshop should be held bi-annually. Both the Pymatuning Group and IDA
plan to mail their respective reports to each person on the invitee list.

To set the tone, DARPA articulated its role with regard to concurrent engineering.
DARPA will serve as an agency which will establish priorities, set agendas and provide
funding. Its focus will be on developing the technology to support the engineering
process, as opposed to specific engineering products. Effective engineering process has
become particularly crucial to insure the timely, cost effective deltvery of advanced
weapon systems. It also has a broader scope in that economic viability is also a key

security issue and these process issues are central to our manufacturing capability as a
nation. '

There were also reviews of several ongoing programs utilizing concurrent engineering.
Many of them cited institutional, rather than technological problems. Among the
problems cited were accounting methods. current acquisition and bid procedures of the
defense department. and uncertain metrics for the value of CD/CE. The example of
CD/CE applied to IBM mainframe packagin.’' was impressive due to the savings
attributed to process improvements. In particul r, unique part numbers were reduced by
50%, cng'neering change orders were reduced by 599 and assembly hours were reduced
by 45%. Further reductions have been targeted.

While the emphasis of the conference was on the research, development and utilization
of technology to improve concurrent design, there were vocal arguments (drawing
mostly on the Japanese experience, as {ilustrated by the presentation on the DoD
Technology Assessment Team [TAT] study on Japanese manufacturing} that much
process improvement could be achieved with ‘:r less emphasis on computer aids, but
with greater attention to management, inves:-aent decisions, education, retention of
employees and basic manufacturing. The U.S. emphasis on technological solutions may
reflect the convictio:: that we have a competitive advantage over the Japanese regarding
software engineering.

The workshop included major practitioners and researchers in concurrent design and
concurrent engineering. Although some participants confused concurrency with
parallelism, several major themes did emerge. One phrase 'Concurrent Engineering for
Concurrent Engineering’ was repeated ofien throughout the sessions. This refers to the
need to have all the cormmunication and cooperation of the various groups required to
carry out a CD/CE application already in place in order to develop CD/CE tools. The
development of such tools was viewed as a significant engineering task in its own right --
one (o which the methods of concurrent could be successfully applied. Some
of this perspective was voiced during the DICE presentations, where one of their major
subprograms is DICE for DICE'.

An interesting cross-disciplinary example was the presentation on STARS/SW
Producibility, where the methods of concurrent engineering have been applied to
software development. This presentation also noted that a standard view of having
many development stages each with 99% chance of success yields much less success
likelihood for the entire project. In partici!ar, an example was given where 20 modules,
each at 999 success likelihood, would only yleld a project success likelihood of 25%.
This presentation also emphasized a need for greater contract support of risk taking,
where current contractural relations emphasize risk minimization. Specifically, the




following programmatic changes were stiggested: (a) investigate alternate solution paths
to allow nnovation and breakthroughs, (b).seek best of breed solutions, (c) assess global
quality via prototypes rather than encouraging incremental development, (d) delay
requirements and hurdware freeze.

Features were prominent as knowledge representations for expert systems and as
encapsulations of topological, functional and geometric data. There did not appear to be
%eneral agreement as to an exact definition of feature. The problems of incorporating
eatures within existing computerized modeling paradigms (notably CAD/CAM systems)
were discussed. Although no ‘break-through’ technoliogies to solve this problem were
announced, there was general consensus that the geometry based modelers of today
needed to evolve to modelers which will be much more capable of capturing design
intent. The modeler Alpha_1 (University of Utah) was frequently mentioned as a
research vehicle for exploring some of the capabilities needed for the next generation
commercial CAD/CAM system. Feature recognition, via topological graphs, rather than
by narrow expert systems, was cited as a methodology that has had some initial success
in research environments. :

There existed some tension between those using concurrent engineering as practicing
design engineers and those involved in research. There were also often differences of
~ opinion between the mechanical engineers and the computer scientists. One way this
contrast occurred was that some emphasized computer architectures to encompass all of
CD/CE. While deemed theoretically valuable. thers was often impatience for tools that
could be used now, versus waiting for the architecture. This division was often voiced in
user interface discussions. One view focused on elegant automatic seamless interfaces. A
contrasting view emphasized graceful retention of thie human engineer in the loop, even
if that meant less global automation. These exchanges, while sometimes heated, were
natural and largely productive. The general therae was that there needs to be additional
analysis of how the human designer works and associated development of those
computer user interface tools which will facilitate that process. The research modeler
‘Supersketch’ was presented, with its focus on capturing conceptual design. Many
appreciated its eiegant interface for apturing design intent. Concern was expressed for
transfer of its geometric representation of superquadrics to standard spline based CAD
system. -

Spectfic expert systems have been developed 3 autornate narrow slices of design, but, in
most cases, these 'point solutions’ have not ‘;zen successfully integrated into a smooth
flowing process. Some notable counter exarr .ise were First Cut' and 'Engineous’, both of
which gracefully incorporate expert systems wit}i the overall design process.

Standards, in particular PDES, were frequently mentioned as tmportant unifying
elements of the muny disparate software tcols. Although workshops participants
appeared to universally agree with that precent, it is interesting to note that essentially
none of the researchers had incorporated FLES models within their emerging systems
(either prototype or development systems). The anticipated wicie spread circulation of
the PDES document may help to solve this problem. Note: It was pointed out the current
review document is over.a thousand pages. .
The very model of design, whether done with hierarchical or distributed control, was
disputed. The model of distributed control would call for complex computer system
controls. Most of that distributed computer control is not well understood and is the
subjeci of leading edge research. This discuszion becomes relevant to effecttve data base
design. Relational data bases have proven ineffective for multi-user access to
mechanical engineering data. The transaction model for relational data bases relies
upon many, frequent, short accesses, as in banking transactions. The usual engineering
paradigm is for fewer, less {requent, longer transactions. As such, the performance of
relational data bases is often not sufficient to support engineering enterprises. The data
base ROSE is a research effort to develop a multi-user engineering data base. One of its
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imajor efforts is to-model the multi-user engineering access to obtdin satisfactory
performance. Another effort undertaken at John Deere and Co. emphasized the need to
have multiple views of one model. For example, one assembly may be viewed as a design
assembly, as a manufacturing assembly and as a field assembly. The data base must
provide access to these multiple views while providing mechanisms for change control

that ensures the integrity of the data after modiilcation by those editing under the

different views.

Current commercial CAD systems do not contain sufficient tolerancing capab#lities,

The modeling and data representation of tolerances still has some theoretical gaps.

‘g:hmnce analysis, particularly in 3D, is just emerging and has a fragile mathematical
sis.

'

10
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L Status:

A few commercial CAD systems with Ad Hoc form features

A few research prototype design-with-feature systems

A Iittle work on feature extraction

Realization that feature issues mM&W
Work in progress is promising but scattered, Lacks critical mass.

IL Ressarch Issues '
Formal Definition/Semantics
Role in Knowledgeé Representation

Cana feasibly-sized set of features plus a user-modify and combine capabmty be
devised that can handle realistic designs without explosion?

Do features help or hurt?

- Quality, creativity, productivity time to market, cost ...
Howtocaptm‘eandmakeusg ot‘ddgnermtent
Features for early design, service, to engineering etc.
Feature-Driven Applications

- Process Planning
- Design Critics
- Cost Estimators

-~ Design for manufacturability advisor
- Redesign (eg. forpomngadwgnto a new mifg. process)

‘Standards - e.¢. PDES
(related to formalizing semantics)
. Recommendations

Research Topics

Feature Semantics

Ontology, constraint language
Composition rules, process representation
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Mappingbetweenperspecum s, levels of abstraction, modes
function & structure & process
Maintaining consistency, inconsistency
Feature catalogues, retrieval
Feature definition, extraction
Substrates:
Distributed. persistent, databases

Integration with other representation:
e.g.. geometry, process plans ...

Design History, Intent

Environments for feature-based design




Man-Machine Interface
Ramana Reddy/John Williams - Chairs

L Current Status

. Moa genzral purpose UIMS tools produce Macintosh-style interfaces but
" have high cost, are hard to maintain and are non-portable and often
inconsistent.

¢ 3-D geometry is not addressed in current generation of general purpose tools.
e There is no standardization in user models. ' ‘

e Therels little understanding of the way people represent and manipulate’
design tnformation so we do not have a basts for creating the shared
representation between user and machine necessary for communication.

I Research Issues

1. The design environment should support session to session continuity
(similar to the LISP environment) with a 'programming by doing' capability. -

2, We must learn how to support cooperative work such as the state of the
design and other’'s changes can be visually communicated to users.

- change display using animation, i.e. show me what you did.
- concept of capturing formative process of components
3. Cor:gcpt of 3-D intelligent objects |
- Icons with underlying data representations
- Object interaction tools
4. Improved UIMS toolkits supporting rapid prototyping
- manufacturing workbench (virtual manufacturing)
- fast analysis to guide design
5. How do we support design the.ﬁay people do it? People are needed in the loop.
1. Recommendations
If people do not use our computerized design systems, then all our work is in
vain. We must do design the way pegple do it!
We view the man-machine interface problem'as one of communication.

We belleve that 3-D visualization is an enabling technology for man-machine
com™Mmunication.

We believe that the research issues as detailed above must be actively pursued.




.i“ormallze Concurrent Engineering
o Concepts
. Prlncii:lm
‘o Requirements
¢ Limitations

,®» Generic methods/enablers
L Status '
¢ Tiger-team approach successful in Japan (TAT Report - Kelly)

¢ Tiyger-teams and CE enhancements (e.g. shared geometric model of
product}/fruitfully implemented by some U.S. industries (IDA Report)

¢ Institututional/organizational barriers at least as great as technical issues

¢ Some lessons learned but no formalism yet developed (what classes of
problems are amenable to what kinds of CE methods?) ’

e NIST leading long-term information representation effort (PDES)
e Many tackling fmgments of the total problem, e.g. (from this panel):
- configuration evaluation, parametric design, design by features
- manufacturing directly from a solid model (“art-to-part) '
- decompositlon. of complexity (“partitioning") |

- advanced geometric modeling {(e.g. automatic meshing, non-manifold
technology)

¢ DARPA's riewly-started Initiative in Concurrent Engineering could be an
integrating vehicle. i
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Understand Design/Mfg, Process and Organtzational Issues to Overcome
* Real Scenarios
* How to evaluate conceptual design without detaed analysis
e Guidelines for when CE will/will not work

Framework for Concurrent Engineering

o Information model (e.g. PDES) and editing tools (underlying
- database) .

¢ Architecture for:
. - storage/rapid retrieval of kxformatlofx
- management of ;:oqnnumcauons and concurrency between disciplines
- control; planning/scheduling |
- interfaces to users and tools
* Methods and Tools:
- advanced CAD (design by features); constraint management;
- detailed -» parameter - simulation models

Scale-Up

¢ Managing complexity (system performance, decomposition)
* Real (complex) problems ‘

Testing -
¢  Generic problem sets
¢ . Definition of metrics
. Il. Recommendations ,
e IDA: "Don't wait for CE research results {the CE formalism]; '
study existing success stories, start implementing CE now!"

IDEF information-flow modeling
INTROSPECT organization analysis
CE-for-CE

Continue these workshops (semi-annually)




L Status
A. Solid Modeling _

¢ Fundamentals of solid modeling are reasonably well understood

e Applications supported automatically
- Graphics
- Mass Properties
- Static Interference Detection
- Kinematic Simulation
- NC Stmulation .

¢ Commercial Modelers are Available

- Objects of moderate complexlty
- Large resources need

B. Tolerancing
¢ Theoretical foundations emerging, but not well-understood’
e Experimental systems for tolerance represenfation under development

e Analysis and synthesis algorithms for linear chains of dimensions are
available

IL Reman:hlsrues
A Solid Modeling ,
¢ Larger geometric coverage, including coﬁxplex surfaces and blends
¢ Better robustness and efficiency

Scaling up (very large objects); hierarchical representations, at varying
levels of detail

Management of constraints and data dependencies; consistency issues

Richer models: assemblies, component relationships, features,
functional information

Applications: finite element meshing, robotics, NC, inspection

Exploiting emerging computing technologies: parallel of distributed
computation

Integrated systems

A7




~ o Math foundations

e Relationship between mechanical function and required tolerances;
guidelines Zor designers

e Analysis and synthesis aigorithms for nonlinear, 3-D situations, for
form and other geometric tolerances

e User interfaces that hide the math complexity of toleranclxig and
facilitate proper specification and interpretation

* Relationships between manufacturing processes, costs and tolerances

¢ Relationship between sampling inspection methods (as used in CMMs)

and tolerancing specifications that constrain all points of a surface (as
in ANSI standards)

‘M.Munmdaﬂom

Geometric information, including tolerances, is crucial for Concurrent

Engineering. Theory, representations and algorithms are much better understood
for nominal or ideal objects than for toleranced objects.

Continuing support for research on solid modeling is needed and a new
emphasis on tolerancing is essential to tackle the many issues identified.

N Remark: More information on tolerancing is available on a forthcoming report
. on a NSF Workshop on Mechanical Tolerancing.
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Intexfece Standards
Howard Bloom - Chair

Narrative Summary

If automation technology is to be successfully applied to concurrent engineering,
it i3 vital that the application of standards be clearly understood. Standards provide
the capability of integrating "plug compatible” systems. Since concurrent engineering
consists of a set of life cycle processes that must be able to communicate information
continuously through the product life, uniform standards are an obvious means of
insuring successful systems integration.

As the prototype systems are designed and developed, it is imperative that the
researchers be aware of existing and emerging standards. If the finished systems is to
be transferred to industry, it must not be a unique system that cannot take advantage of
new technologies. Therefore, existing interface standards must become a basic part of

any CD/CE system. Emerging standards should be considered and incorporated as
appropriate.,

Status of Existing Systems

The most appropriate set of existing standards has been defined under the CALS
- phase 1. This is not an accident! The standards include text (SGML), graphics (PHIGS),
data base query language (SQL), part drawings (IGES), network communication
(ISD/OSI 7 levels), data exchange (RDA, ANSI, etc.) and data dictionary (IRDS). These
standards are necessary to support the successful transfer of information between
contractors, and between contractors and DOD during the weapon system development.

Standards Research

The CALS phase II is concerned with the development of a complete product data
exchange specification (PDES). At this time this is a research effort involving the
development of an information model that contains all the product life cycle data.

The implementation of PDES is also a research effort. The so called "Level I
involves developing a distributed knowledge base system. This involves research in

~ feature based retrieval of data, design knowledge representation, object oriented

information models, techniques for validation and verification of the PDES
implementation, management of heterogeneous data systems, etc.

Assuming a framework for CD/CE can be developed, there is still significant
research needed in the development of process models that can te properly interfaced to
the integrated product model. In addition, a set of standard languages (e.g. for process
planning) need to be implemented that make effective use of the information in the
product data base.

Finally, issues such as verification and validation of the implemented process
interfaces require development of application interface protocols for testing purposes.

Intermediate Results

At the present time there are projects underway to develop PDES Levels I and II
for mechanical parts and rigid assemblies (PDES Inc.). The EIS project will develep a
framework for studying standards needed for concurrent design. The Air Force OLIS
project will study the implementation of PDES level III system. The CALS Testbed
Network is demonstrating the exchange of product data using the CALS Phase I set of

A9




[+
©

s o °. ¢ e

standards. The NIST has sveral testbeds; the AMRF, the DARP Manufacturing
Testbed. and the National PDES Testbed which are being used for studying interface
standards. » :
1L Seatus
¢ Basic standards in place
CALS Phase I
Text (SGML)
Graphics (PHIGS)
Drawings (IGES)
Database (SQL)
Data Exchange (RDA., ASN.1)
¢ Information Models

ER (IDEFIX) semantic model
1A (N1AM) (SAM*)

¢ Data Dictionary Framework
IRDS (ultiple views)

¢ Network Standards in place
ISO/0SI 7 levels

* No accepted framework exists for CD/CE
¢ Classic life cycle processes well-defined
* Product data model just beginning to emerge

IL Research Issues

¢ Deflnition of product data model to sdpport CD/CE
{future versions of PDES)

* Platforms for support CD/CE Information requirements
(distributed knowledge base PDES Level I\

s Tools for Interfaces

- Object-oriented databases and information models

- Knowledge representation

- Feature driven processing
* Validation and Verification of Interfaces | e
¢ Process Models |
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¢ Process Languages .
¢ Control of information when data management is automated

¢ Proprietary lssues
* Query language for distributed databases for CD/CE
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¢ Product Data "ramework Implementations
- EIS (VSIC env.)
- OUS (PDES)
- DES Inc. (mech. parts/PDES)
= NIST (Level Il PDES mech parts)
* Process Interface - NGC

¢ CD/CE Interfaces

- DARPA DMO/DICE
- DARPA ISTO/Mfg. testbed
- DoD EIS

¢ Feature Deflnition/Extraction

* Feature Driven Procesaing (e.g. First Cut)
¢ Expansion of IRDS to Support PDES

¢ CALS Testbed Network

* National PDES .Testbed




Conventional DBMS
SQL/Relational, Legacy Systems

Object-Oriented PBMS
VEASE, Gemstone, G-BASE

Knowledge Representation Frameworks
KEE, Knowledge Craft, ...

CAD Database/Configuration Control Systems
FAIM, DMCS, Sherpa, ...

. Distributed Relational DBMS

Oracle, Ingres, SyBASE

Distributed Heterogeneous DBMS
INDAS, 1252, ..

IL Research Issues

Knowledge Representation Capabilities
Multiple Views/Perspectives

Dynamic Schema Evolution

Change Recording and Management
Concurrency Control with Long Transactions
Network Transfer and Distribution
Programming Language Unification

Performance

IIl. Recommendations

Promote commercial vendor participation in Concurrent Engmeenng

Issues/Projects

Learn more about relation of database and knowledge representation for

concurrent engineering needs

Review PDES model for database and knowledge representation viewpoints

(3rd and 4th levels)

Investigate neutral storage/transfer formats for generic object structures




N . <

‘e  Research needs for version, change, and coricurrency management .

e Demonstrate database prototypes in real applications to assess practical
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The panel agreed that a concurrent deelgn environment should have the
following features:

of design and
sequential design, most evaluation is done on relatively complete, detatled .
designs. In fact, most analytical tools apply only to detailed designs, To design

. concurrently, we must have the ability to evaluate partial, incomplete designs at
the conceptual stage. .

The evaluation must be carried out along multiple attributes reflecting the

product's life-cycle: e.g.. performance, life-cycle cost, manufacturabmty
development time, risk, supportability.

1. The environment must support nmdmn_or evaluation from the earliest phasm
assist the designer to use the cvaluation results for re-design. In

- ‘The evaluation must let the designer keep some requirements and constraints
open - you won't have adequate knowledge initially to ﬂx them.

1I. The environment must support decomposition of mmma and
_ of requirements

down to design features and manufacturing processes. It must
highlight trade-offs and make members of the design team aware of changes

which lead to marginal increases in performance at large marginal cost.

1II. The environment must support constraint and constraint propagation/tracking:

who "owns" the constraints, what. constraints are being violated by whom and
with what consequences. This should include constraints on computational
resources used to support the design effort.

IV. The en;.tronment must support collaboratlon and provide a means for negotiating
tradeoffs

The environment must support rapid caiculaiions at low cost to permit the design
team to explore a wide number of options and reduce the tendency to over design
engendered by insufficient analysis.
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D. Travis Engen - Chair :

The general view of the members cf the Applications Reaction Panel and other
industrial representatives polled is that Concurrent eering principles are an
effective way to implement some of the objectives of Total Quality Management. CE is
widely regarded as a means to shorten the development time through consideration of
“"downstream" elements during the concept development and detailed design activities.

The industrial representattves further expressed the unantmous view that the absence
of specific CE technology or more sophisitcated tools is not an inhibitor to the
introduction of CE. Rather management leadership and organizational issues seem to
pace the implementation. The comparison with Japan was cited as an illustration of
this point: Japan achieves CE through training of many workers in all facets of the
business and the use of organizational techniques, not with elaborate computer-aided
design or systems. As expressed by several observers, we must simply get.

on with the implementation of CE by leadership, training and organizational changes:
the automation tools will follow. .

The notion of applying the principies of CE to the development of CE was praised. In.
this regard it was urged that joint DoD/Industry/Academe effort to create a CE roadmap
be started. This would provide a forum to allow the "downstream" impacts of the full
life cycle of CE to be used in the concept development and design stage of CE tool
development. It would also provide a structure which thie many isolated CE activities
and tool development programs could use to develop a better focus.

Finally, the suggestion that a broad program of communication, education and :
training should be begun. The tmplementation of CE is viewed fundamentally as an
organizational and leadership issue. Education of the leaders of our nation, the

. Congress and the Executive Branch, and the leaders of our educational system to bring
to them the vision of the benefits of Total Quality Management and Concurrent
Engineering as an enabling technique is essen
for the real social change which is required.

to creating a positive environment
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THE CHARTER OF DMO IS TO PROVIDE NATIONAL LEADERSHIP IN THE
DEVELOPMENT OF WORL" CLASS, HIGH PERFORMANCE DEFENSE
MANUFACTURING HAVING A SUSTAINABLE ADVANTAGE OVER COM-
PETITORS BASED UPON | | |
*  VALUE MEASUREMENTS SUCH AS PRODUCT DEVELOPMENT k |
CYCLES, COSTS, PERFORMANCE, QUALITY AND SERVICE -

*  CAPACITY FOR LEARNING AND INNOVATION AS EVIDENCED
BY DEVELOPMENT AND INDUSTRIAL TRANSITION OF NEW
PROCESSING TECHNOLOGIES IN CONCERT WITH THE DEVELOP-.
MENT OF NEW PRODUCTS

CLASSES OF DEFENSE MANUFACTURING INDUSTRY OF SPECIAL INTEREST
-INCLUDE: .

¢ THOSE MIGRATING OFFSHORE THROUGH LOSS OF COMPETITIVE
EDGE

. THOSE WHICH MANUFACTURE ONLY FOR DOD MARKETS : .

¢ THOSE BASED UPON EMERGING TECHNOLOGIES WHICH FORM THE
BASIS FOR NEW OR MORE EFFECTIVE WEAPONS SYSTEMS

@ "~ DMO OVERVIEW QARED)

* DMO SUPPORT EFFECTIVELY SERVES AS

- LOWER COST, LONGER TERM SOURCE OF CAPITALIZATION

- MECHANISM FOR VALIDATION AND.INSERTION OF NEW
TECHNOLOGIES INTO PRODUC‘I’ION

* SEVERAL CANDIDATE INDUSTRIES
CERAMICS

- COMPOSITES

- OPTICS - COMPUTERS
- SUPERCONDUCTORS

NAVIGATION AND GUIDANCE
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NEW PARADIGMS

RESPONSES TO SCHEDIRE
SLUPPAGES

HANOLING OF KEY TASKS
PROGLEM 3OLYWG
CONFLICT AESOLUTION
PROJECT OAGAMZATION

MANUFACTUMNG CONTROL

INFORMATION TRANSFERS

" BARLY MANUFACTURING

INVOLYEMENT

ACRINY EAB 10 182 oD

COMVINTIONAL FARADIGH
NONMEGOTIABLE, S§7 EARLY

ONE SEEN AS PAIMARY DIIVER
FOR THE PRl

LED BY DASIGN ENGINEEMING

STARTS 1M MARKETING, SHIFTS TO
ENGINEENNG, ENOS 1M MANUFACTURING
SEQUENTIAL

+ PEOME TRAMSFERRED
. PRIONTIES CHANGED

BOTTLENECKS AFFECT LNATED OESIGH
RESOURCES

SLOW TURNAROUND

YENUOR DELAYS

EXCEINVE ENCIMELNING CHANGES
OENY SUPPAGE HAS OCCURRED

SKIP STEPS

ANNOUNCE COMPLETION, HANOOF® TO
QPERATING ORGAMIZATION

WITHIN FUNCTIONAL GROUP OR DISCIPUNE
SUPPRESIED, POSTPONGD. OR SENT UPSTAINS
PRILANLY FUNCTIONAL WITH HANDOFFS

ONLY LOWER FORMS OF CONTROL CONSICERED
NECESSARY .

LAAGE DATCNER, TRANSFERRED DOWNSTAEAM
OMLY AFTER COMPLETION OF PHASE

LOQKED UPON AS (UNDESIRASLE)
CONSTRAINT

LR LY TCT PP P PN

OVEMLAPPING ANO CROSS-FUNCTIONAL

AOCRESSED EARLY ANOD AT LOW LEVELS

REAVYWEIGHT PROJECT MANAGERS
MAINTAIN  WNTEGRATION :

PROGRESSIVE OR DYNAMIC COMTROL
NECESSARY

MANY SMALLER TWO.WAY EXCHMANGES
THRQUGHOUT DEYELOPMEMY

BASED ON TRUST ANO MUTUAL
RESPECT; ACDS VALUS










. Russ Shorey, ASASD (Systems)

oy N

Concurrent

In my view, concurrent engineering is one of the most important areas which DoD is
addressing at this time. I would also like to discuss the contributions that I feel this
workshop can make to our broader objectives. First, what do I mean when I use the
term "Concurrent Engineering?" Most simply, an integrated process in which the
design of a product and the engineering of the processes which will manufacture and
support it are done together as a single unified effort.

The intense and rapidly growing interest in this area resuits (of course) from perception
that much shorter.ed development schedules; improved quality; and reduced costs can .
accrue - all at the same ttime (and you will see the results of varjous case studies on this
during the workshop). If this is such a good idea, why haven't we picked it up? First, one
must say that in some cases enlightened people have moved in this direction and
produced a few successes. In other cases, they have tried to move but have been only .
gfartly successful or failed. I believe the underlying problems can be addressed in terms

- Acquisition practlcm
- Management attitude
- Avalilability of technology

The mainstream Do acquisition practices reflect a number of conflicting forces -
many of which have tended to fractionate and segment the processes in a direction

away from the integrated process represented by Concurrent Engineering. We
fractionate horizontally and vertically.

We have a sequential process which attempts to achieve control by imposing
checkpoints at different phases of development and in order to gain management .
visibility of important areas as producibility, reliability, maintainability, separate
groups and separate reporting channels were established to advocate these, In some
cases, {these efforts have been successful, but in many other there has been a lot of
offline|analysis generated and paper passing which has not affected the design.

The lack of incenttve for DoD industry managers to improve the design and
manufacturing processes has been the subject of dialogue and discourse for thetwo .
decades that I have been closely involved in defense matters. However, there seem to be
a collection of forces at work at this time which have broken through the inertia and
-‘ ated a market for pursuing avenues of major improvement in quality and cost.
Mu

of the credit for this belongs to Bob Costello, the current USD(A) who has made
the improvement of design and manufacturing processes his personal campaign over
ast two years. Rather than advocating new weapons, he has advocated improved
3. this time, he has started a top-down process including training
sessions for senior DoD (including Service managers) in the elements of a strategy for
continaous process improvement. He and key Service leaders have met with senior
se industry leaders in prolonged sessions to communicate personally the crucial
mportance and tremendous leverage which can be had in changing the DoD processes.
He has done this using the umbrella "Total Quality Management.” I personally see this
intense campaign starting to pay off in terms of top level commitment from industry
anagers. For example, many of the large defense contractors have recently started
training programs for their personnel in management methods and
niques which will support their practice of improved processes including
nt engineering disciplines. (Here I refer to training in multifunction team
gement dicoiplines, quality engineering methods, experimental design by such

 groupd as ASI, University of Tennessee producttvity center, University of Wisconsin

center, Coopers and Lybrand and many others.) In fact, I might note there is a very large
business area developing in training. :
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The results of the concurrent engineering task forces which we have run over the past
year and which you will hear later have come along at a time when the market has been
created for large scale change.

o

Thus, when we recently briefed Bob Costeilo on the results of our concurrent
engineering task force efforts, his reaction was that we had outlined the front end or
engineering side of his Total Quality approach for DoD. There has been similar positive
response from many quarters of defense industry. :

In fhe course of our various task forces, there has been considerable debate over
whether advancement in technology is or will be a significant factor in accelerating the
widespread application of concurrent engineering in our DoD industries.

Clearly there are a number of success stories where groups have practiced concurrent

and achizvzd remarkable reductions in development schedule and
improved quality at the same time using the best existing technology. We need to
establish an: understanding of the highest leverage areas for DoD sponsored efforts to
achieve engineering process improvements on a broad scale. We need to do this for
different product areas, technology areas; we need to understand the technology needs
for different levels of integration.

Here 1 am addressing the obvious point that the aircraft people are concerned with
structures, surfaces, and integration of subsystems whereas the component supplier is
primarily focussed on the interaction of materials, processes, and design. -

Over the next year, we plan to have IDA carry on some efforts to put the supporting
technology efforts in perspective for different product areas. Without any further
analysis, it is clear that the architecture, framework, and product definition areas are
crucial to our objectives of accelerating the pace of integration of processes to support
concurrent engineering. It strikes me that such integration objecttves are not new, but
instead become much more clearly focussed through our adoption of concurrent
engineering objecttves. That is, whereas the Air Force has been supporting CIM
programs since the early 1980's and product definition demonstrations since the mid
1980's, the focus has been more on passing design data to manufacturing than on :
affecting design in a major way through simuiltaneously designing the manufacturing
and support processes as a sanity check on the product design.

Similarly, we have been supporting an industry initiative in accelerating integration of
technical data related processes - which we call CALS (Computer-Aided Acquisition and
Logistics). Through this we have developed a management structure in DoD and a large
industry task force which is evolving spectilcations for an integrated weapon system
product data base. This group already has a task force on "Design Integration." We have
recently seen the big acrospace contractors and some information systems contractors
form a funded cooperative to accelerate the implementation of PDES (Product
Definition Exchange Specifications) with an objective of early demonstrations in 1989.
There is a strong commitment from DoD to push future funded efforts of the PDDI,
GMAP sort and the NTIS PDES test bed in directions coiapatible with the industry
cooperative recommendations.

It {e important to our national effort that the DARPA efforts contribute to and build

upon the mainstream that is being formed in the framework and architecture areas.

Thus, it will be particularly helpful for this workshop to attempt to clarify and

distinguish between what capabilities have been demonstrated or put into practice,

what midterm objectives seem feasible, and what longer term goals and research would
. have high pay off.




© P ¢ B o e = © oo ° o ]
. [ R R S A S 0 %0 §0° 8. o 2 o{) C“M,"{'&ccw « ., _ocQ LA E‘C"Ova 200 oDO'Qro O boteetTy oS 0T @t c
o < ot ° © °
< ¢ ° °
c ©
° &£ oc ,.o . : ‘ w‘c < e.oo e °© c ¢ @ Ce
I think you have a really excellent program to carry out these important objectives and
look forward to working with you.
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QOGIDICURRENT ENGINEERING
BACKGROUND

® USD(A) MEMORANDUM — APRIL 1988

¢ INSTITUTE FOR DEFENSE ANALYSIS OSD/SERVICES/INDUSTRY

TASK FORCE | 70+ ORGANIZATIONS
e PYMATUNING GROUP ' INDUSTRY EXECUTIVES
20+ COMPANIES
e CALS TASK FORCE ON TECHNICAL—DOD/INDUSTRY
DESIGN INTEGRATION * 40+ COMPANIES
A

CONCURRENT ENGINEERING

| SELECTED CASE STUDIES '
CASE STUDY cosT SCHEDULE QUALITY

60% SAVINGS ON 81D FOR | SIGNIFICANT SAVINGS (REDUCTION | SCAAP REDUCED S#%, REWORK COST
McDONNELL DOUGLAS | REACTOR AND Missae FROM 45 WEFXS TO § HOURS) IN REDUCED 29%, AND NON-
PROJECTR.

ONE PHASE OF MIGH-SPEED CONFORMANCES RED{ICED 30%; WELD

VEHICLE PRELOMNNARY DESIGN: 18 DEFECTS PER UNIT DECREASED 7O,

MONTH SAVIMG ON TAY-38 DESIGN. | 88% FEWER CHANGES ON REACTCR:

:ﬂ FEWER DRAWING CHANGES ON
AV-0R.

BOENG BALLISTIC REDUCED LABOR RATES PART AND MATENIALS LEAD-TIME FLOOR INSPECTION RATIO
SYSTEMS DIVISION BY SIWHOUR, COST REDUCED BY J0%: ONE PART OF DECREASZD B8Y OVER /X MATEMAL
SAVINGS 20% BELOW BID. DESIGN ANALYSIS REDUCED BY SHORTAGES REDUCED FROM 12% TO
. ) QVER 0%, . 0: #9% DEFECT-FREE OPERATION.
ATAY COST OF REPAIR FOR NEW | TOTAL PROCESS TIME REDUCED TO | DEFECTS REDUCED BY J0% TO 07T
' CIRCINT PACK 4% OF BASELINE FOR SESS.™
PRODUCTION CUT AT :
LEAST 40%.
OCERE § COMPANY 0% ACTUAL SAVINGS N 0% SAVINGS IN DEVELOPMENT NUMBER OF INSPECTORS REDUCED BY
DEVELOPMENT COST FOR | TaeE, n
CONSTRUCTION
EQUIPMENT.
HEWLETT-PACKARD CO...| MANUFACTURING COSTS REDUCED DEVELOPMENT CYCLE PRODUCT FIELD FALURE RATE
MSTRUMENT DIVISION REDUCED 4% TIME 29 REDUCED 6. SCRAP AND REWORK
) REDUCED 75"
PRODUCT DIRECT SIGNIICANT HEDUCTION N FEWER ENGINEERING CHANGES.
L] ASSEMBLY LABOR HOURS | LENGTH OF PMT DESIGN CYCLE GUARANTEED PRODUCIBILITY AND
. REOUTED 5% 40% REDUCTION IN ELECTRONIC TESTABILITY. !
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* GENERALIZED ELEMENTS

® TOTAL SYSTEM ENGINEERING — FRAME WORK FOR
ENGINEERING PROCESS MANAGEMENT AND
. INFEGRATED—EXPLICH, DECISION SUPPORT

® MULTIDISCIPLINE TEAMS — INTEGRATED PRODUCT AND
PROCESS DESIGN, REBt DDED-WORK

e QUALITY ENGINEERING METHODS — EEEICIENT,
EFFEGTRE PRODUCT AND PROCESS OPTIMIZATION

e CAD/CAE/CAM — MANAGEMENT OF CHANGE, RAPID
TRANSFER OF BENEFITS, REDUCTION OF ERRORS,
EFFICIENT DATA COLLECTION AND ANALYSIS, EFFECTIVE

INTEGRATION
. Y

. 90841

CONCURRENT ENGINEERING |
SPECTRUM OF SUPPORTING ACTIVITIES

- DoD UNIQUE
OBJECTIVES  FUNCTIONS m:r%es m
' BLOCXKS
Early, complete & Capture data on comparsble products, . Dats
continuing : Processing &
dwﬁm«m proceases & support (kessons lesmed).  Data Structures
an priorities. Deﬁnmmdohkrmm
A Cout ‘ system product, process & support.
' Synthesize requirements into Frameworks/
desion of product, process & support. Architectures
Validate design of product,
process and support.

Transiation of requirements Manage product,
process,
mmﬁymhm;.w support data
Reduced Time fashion into optimal products nd
and manufacturing and support  Disseminate product,
processes. -~ process, Tools & Modets
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. ' : : CONCURRENT ENGINEERING '
N ® STRATEGY
® IMPLEMENT THROUGH ACQUISITION PROCESS
“PROCESS EMPHASIS”

. ¢ DOD LEAD THROUGH EXAMPLE

¢ INCREASED TECHNOLOGY FOCUS ON TOTAL PROCESS IMPROVEMENT
¢ INDUSTRY RESPOND WITH INNOVATION IN PROCESSES '

¢ CONSIDERATIONS

. ¢ INDUSTRY WILL ADOPT CONCURRENT ENGINEERING TO ENHANCE
‘ + COMPETITIVE POSITION

— IF DOD ENCOURAGES AND ENABLES

' — RECOGNIZES INNOVATION
l ¢ BARRIERS INCLUDE:
' — DOD FRACTIONATION OF REQUIREMENTS
l - TOO LITTLE ATTENTION TO PROCESS
. = TOO MANY “HOW TO" SPECIFICATIONS
' — LACK OF INCENTIVES -
|
|
S - ' ELEMENTS OF AN ACQUISITION APPROACH
- <
. ' o  INTEGRATED REQUIREMENTS
' - COST, QUALITY AND TECHNICAL
- INTEGRATED DELIVERABLES
- . : o  DEVELOP SOURCE SELECTION CRITERIA FOR CONCURRENT ENGINEERING
. PROCESS BASELINE
- PROCESS IMPROVEMENT RELATED TO COST AND QUALITY
N 0  DEVELOP MANAGEMENT DISCIPLINE
. - STREAMLINNG
. SYSTEMENGINEERING INCLUDE "LLMES"
) . GOVERNMENT MULTIDISCIPLINE TEAMS
' 0 mmmr&w PROGRAMS INCLUDE CONCURRENT ENGINEERING - START AT CONCEPT
62-63PILOTS

COORDINATED DARPA - SERVICE PROGRAMS
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CONCURRENT ENGINEERING

'CURRENT ASSIGNMENTS
¢ ACQUISITION IMPLEMENTATION OSD/SERVICES/INDUSTRY
ASSOCIATION TASK FORCES

* INTEGRATED REQUIREMENTS

® “SYSTEM” ENGINEERING GUIDELINES
* INTEGRATED CDRLS (CALS)

¢ RFP/SOURCE SELECTION

¢ NEW MANUFACTURING TECHNOLOGY OSD/AFINDUSTRY

GUIDELINES ASSOCIATION TASK FORCE
® REVISION OF DOD TEMPLATES gggéséeawcwoms-osa TASK
® NEAR TERM EDUCATION/TRAINING PESO/SERVICES
® LONG TERM EDUCATION/TRAINING SERVICES/INDUSTRY TASK FORCE
¢ FOCUSED DOD TECHNOLOGY PROGRAM IDA/SERVICES TASK FORCE
e INDUSTRY INCENTIVES PGI
e PILOT PROGRAMS IDA/SERVICES

¢ OVERALL STRATEGY DMmB

CONCURRENT ENGINEERING -

NEEDED USD(A) SUPPORT

® DRAFT USD(A)

POLICY A '
ACTIONS -¥ AND Ass:GNMENT OF

® INTERACTION WITH CONGRESS

® FUNDIMG FOR Fy 90-91 PILOT.PROGRAMS

® BRIEF SECRETARY OF DEFENSE

E
0, Y70 L ——
© Qe o
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- 'VISION

* REDUCED DEVELOPMENT CYCLE — BY HALF

® ACHIEVES HIGH QUALITY/LOWER COST PRODUCTS

¢ THROUGH:

® STREAMLINED PROCESSES

® MULTIDISCIPLINE TEAMS .

* INTEGRATED DESIGN CF PRODUCT AND PROCESSES
— PRODUCT/PROCESS OPTIMZATION
— PRODUCT DEFINITION

® PAPERLESS PROCESSES FOR:
— COMMUNICATION
— ANALYSIS AND SIMULATION
— DESIGN RELEASE
~ TRANSFER TO MANUFACTURE

* RAPID MOCKUPS AND PROTOTYPES |

<
. 
o0 ’ )
< e K
.
; P < - ° o )
R LB . N < . :

san )0
CONCURRENT ENGINEERING
DOD/INDUSTRY CONCURRENT
ENGINEERING TASK FORCE
ELECTRONICS  AIRFRAME ENGINE SHIPS
1BM LOCKHEED GE NEWPORT NEWS S
m BOEING - P&awW ' "3
HONEYWELL GD GARRETT
LUTTON GRUMMAN
GE BELL
T NORTHROP
WESTINGHOUSE ~ McDONNELL DOUGLAS
ATST HUGHES
TRW AEROSPACE
MCC |
HUGHES |
LAND VEHICLES MUNITIONS COLLEGES
GD AEROJET HARVARD
JOHN OV_tRE M
FORD CARNEGIE MELLON
. PRINCETON
AP
UNIV OF MARYLAND
UNIV OF WISCONSIN
UNIV OF IOWA

" UNIV OF RHODE ISLAND
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CALS TASK FORCE ON DESIGN INTEGRATION

s ELECTRONICS S £
' . 'CONSULTANTS
PRIME ELECTRONICS &
CONTRACTORS CONTRACTORS - UNIVERSITIES  GOVERNMENT
MCDONNELL AIRCRAFT LOCKXHEED-ELECTRONICS  VIRGINIA TECH OASD
RAYTHEON HARRIS UNIV OF MARYLAND  NOSC
BOEING AEROSPACE TEXAS INSTRUMENTS SIEGFRIED ENT USAF
MARTIN MARIETTA ROCKWELL COLLINS SIGMA PLUS AFHRL
LOCKHEED-GEORGIA " WESTINGHOUSE A MCC
NORTHROP LITTON AMECOM DACOM
GENERAL DYNAMICS GOULD PCA
ROCKWELL INTERNATIONAL  SANDERS GIORDANO
HONEYWELL UNISYS VEDA
TRW 1BM ,
: ATAT , L
50481

CONCURRENT ENGINEERING

CALS TASK FORCE ON DESIGN INTEGRATION
' MECHANICAL SYSTEMS

CONSULTANTS
UNIVERSITIES

TECHNOLOGY AF HUMAN
ADVANCED
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‘ c DEFINITION
' o  BACKGROUND
' o  EXAMPLES
|
' o  KEYFEATURES
' 0 IMPLEMQ\ITATIONELEMENTS
' o .SUMMARY
. , \
i CONCURRENT ENGINEERING ’
' PYMATUNING GROUP EXECUTIVE TASK FORCE | . \
- BOEING HUGHES AIRCRAFT AERQJET
' GENERAL DYMANICS HUGHES RADAR BATTELLE
GRUMMAN  IBMFEDERAL SYSTEMS DRAPERLABS
l LOCKHEED 1BM COMPUTERS ' DA
MCDONNELL DOUGLAS wr \TRI
' NORTHAOP WESTINGHOUSE ELECTRONICSYSTEMS  SAKC
WESTINGHOUSE DEFENSE RADAR SRl
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The Pymatuning Group, Inc.
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OCTOBER 1988

CONCURRENT ENGINEERING -

-

WHY NOW?
= HISTORICAL SHIFT =
WHIL LAST 20 YEARS
- Focus on “gytoroducing and - Focus on ™ 3
outperforning® adversaries Superiority® over adversaries i"’N
- Hi-volume, atilitarian products - Hi-sophistication, small ‘w)

- *Triumph of Manufacturing® in

- Defense Production based upon
civilian market production
capabilities

volume products
u. 8.

- Manufacturing Process
. Technology lagging in U. 8.

- Defense production increasingly
unrelated to civilian market
production capabilities
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CONCURRENT ENGINEERING °

Integral to Quality Management
[ Closely coupled to "CALS"

"One aspect which adds greatly to the complexity of modern weapons
systea development, is that the contractor teams comprise many individual
companies, of varying sizes and locations, and that the definition of the
product and the processes used to build and maintain the veapons systea are
performed in a number of widely-distributed locations.®

CONCURRENT ENGINEERING

=_PGI APPROACH =

Implenentation principlnylln industry with industry investments
Need for dialog between DoD and its defense industry ,

The needed industry insights on how best to introduce and
implement Concurrent Engineering practices are so f{mportant
to 0SD/USD(A) at this formative stage of the Program, that
The Fymatuning Group vas asked by DASD(P&L)/ADASD (Systens)
to employ a quick-reaction mechanisam that would stimulate
industry resp and expedite its influence on the Program.

Informal quick-reaction mectanism put into place:

=_7The DoD Industrial Concurrent Engineering Strateqy Forus

e

¥
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DOD INDUSTRIAL CONCURRENT ENGINEERING STRATEGY FORUM

SPECTRUM OF INUSTRIAL PARTICIPATION

Boeing Asrospace Battelle

General Dynamics Hughes Radar Draper
Grumman ’ IBM I0A

Bughes Alrcraft ITT IITRI
Lockheed Westinghouse PGI
McDonnell Douglas Sarnoff Research Center 8AIC
Northrop

MAIOR FINDING

The major finding by the Forum {s that Concurrent tnq.lnurlnq
is a sound concapt, that {t %as benefitted bath the customers and

the producing industries where applied, that it can and
ylelded major reductions in cost and developaent time for mi
up-front investments, and that {t makes good senss to encoura
application of Concurrent Engineering practices and methodol

has
odest
the
ogles

throughout all industrial organizations supplying the Department

of Dafense.
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CONCURRENT ENGINEERING STRATEGY FORUM

o'

EINOING: THE PROCUREMENT FUNDING NEEDS ADJUSTMENT

The use of concurrent engineering practices early in the design
process will skev the traditional procurement funding profile by greater
up~front loading of costs. At the same time, sxperience shovs that
potential savings in life cycle product costs froa hzrovod‘nlhbutty,
supportability, etc. more than offset the higher initial cost.

An exemplary key recommendation in the Forum Report is that:

") parallel funding "line" for manufacturing innovatioens,
e.g., concurrent engineering practices, should accompany
sach procurement request for sophisticated, novel or
complex products. This will allow for "manufacturing
process® funding to track along with all appropriate

roduct development contracts and should help DoD in {ts
Znnovauvo production "catch-up® posture.®

CONCURRENT ENGINEERING STRATEGY PORUM

3 Qn M, § oY
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® Concurrent Engineering is the most poverful single means for
. making Total Quality Management (7QM) succeed in industry and
000

] The technologies that comprise Concurrent REngineering are
-vuﬁbu and used by major defense primes and some subtier
suppliers

] Novever, the deployment of Concurrent Ingineering technologies
is not necessarily occurring at the pace or to the extent
' needed by DoD

eses Vary little data available ... Case studies do not tell
the story

ees Priorities accorded doponnné and occurrence are still
primarily those of industry, not of DoD

] o Concurrent Engineering will not occur without changes in
l management structure and approach (culture) in industry

' sss Technology alone will nqt make it

° Only DoD as a "Monopolistic® customer can accelerate the pace,
the extent, and the occurrence of Concurrent Engineering in
| the Defense Industrial Base

vee A significant portion of the near term actions necessary
must be undertaken by DoD

«ee ‘Thare is ample :v?dcnco that contir ‘ation of current
acquisition practices vwill pot suffice

KEY_POINTS HIGHLIGHTED BY THE PCI
DOD-INDUSTRIAL CONCURRENT ENGINEERING STRATEGY FORUM

: o Some Xey changes must be 3ade by DoD in:

+es The Requirements Definition Process which presently
prohibits the gontinyous improvement in product and
process which is the hallaark of Concurrent Engineering

.ss Contractual funding arrangements which currently do not
provide for supplemental funding consistent with the
accelerated use of Concurrent Engineering by contractors.
This supplemental funding is perhaps the best way to
achieva: .

- Risk-sharing by DoD, and
- Benefl Miaring by industry

«es Program )um\l ‘sent to put in place the DoD counterpart
to industry‘'s System Pngineer - an essential component
of Concurrent Engineering. The DoD counterpart for auch
progrem would bBe named Lead Program Executive and he
would have the authority: .
=  To lead the DoD team throyghout the Program iife,
- To make trade-offz and determine acceptalie risks,
- To be the lead contact with industry,

- To insti) the best of the much admired "Skunk Works®
approach, and

- To effect the teamn approach which epitomizes
, Concurrent Engineering




. O g w080 ¢ o o st e ciiap
. - ~ - G n - - e cL,a e ¢ 5 og oWy B gs ¥ o0& < o Cip P : L
R . I . P e aer & ¢ o JPeg Ge0ce 8% L 0 of, c.e 2 o Blver o . S
=5 - T, e gz PO SV N Cieict el T G i ¢ e . <
. . e °
6

.
o ao ° ° 2 o © °
] o N -
] — .

o DoD should take the lead in obtaining hqhhtlon for

*Manufacturing Engineering® equivalent to the Nacional Dafense
Rducation Act of 1958

Engineering in DoD mitigates against the needed pace of change
within DoD

]

‘ ° The current state of understanding and avareness of Concurrent
° The needed understanding and warancu of Concurrent

Engineering within Industry as a vhole is probably inadequate

to achieve the needed pace of change within the Defense

Induatrial Base

.e. DoD must state more forcefully its changing policies,
practices, and tchoduln

[P

[} As a cautionary note, DoD policy officials should exert
extraordinary controls in kK the near ‘term to prevent
inappropriate. introduction into contracts of Concurrent
Enginesring requirenents. 7There is already evidence of such

occurrences vhich are properly causing negitive raactions from
{industry management
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Active intnfost and participation byc major Defense Prime
cuntractors

Avarensss steadily increasing in Defense Industrial Base
Actual use by industry is fragmentary
Supported by 0SD/DoD Senior Policy Otfficlals

Avareness spotty to non-existent in DoD PMO and contracting
conmunities

' Confusion concerning relationship among various USD(A)

initiatives, e.g., TOM and Concurrent Engindering

Mo supporting contractual, funding, or acquisition changes
evident

Congressional awareness/support uncertain
A fev Weapons Systems Programs are already using or are
actively considering the use of Concurrent Engineering, e.gq.,
ATP, ALS, mobile launcher, LHX, etc. :

AP Variability Reduction Program includes Simultaneous (i.e.,
Concurrent) Enginesring gbisctives :

PRINCIPAL RECOMMENDATIONS
recommands that the Department of Defense:

Devalop policiss and procedures to actively encourage,
mandate, the implementation of Concurrent

Englineering practices by the Defense Industrial Base.
2. Explicitly acknovledge Concurrent Engineering as a
pripcipal means for achieving the Department's Total
Quality Management (TQM) objectives.

Establish a "Concurrent Enjinesering Initiative" to-
provide funds for education and research to accelerate
the adoption and advancement of Concurrent Engineering
tices and methodologies.

4.

Create a Regquirements Development, Request for Proposals
(RPP), and Acquisition process which provides greater
latitude for on-going trade-offs of system requirements.
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o Definition of Concurrent Engineering

e Key Elements of Concurrent Engineering
) Exa‘mples of use

o Conceptual F;'amew;fk

o Recommendations in Phase I Report e

Definition of Concurrent Engineering

Concurrent engineering is a systematic approach to the integrated, concurrent
design of -

— products and

— their related processes including manufacture and support.

This approach is intended to cause the developers, from the outset to consider
all elements of the life cycle from conception through disposal, including

— quality, -
— Ccost,

= — schedule, and . .

— USET requirements.
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® Goal: simultanedusly increase quality, decrease cost, decrease
schedule

@ Concurrent engineering sudceeds because it forces the designers to try
to optimize over a broader scope which includes the downstream
processes.

® We have founa U.S. "companies doing parts of concurrent engineering
but not all. Some working at the system level, some at the detailed part
and process optimization level. Examples of each follow.

Key Elements |

. Getting downstream information upstream to be used
— Humans in ateam ' '
— Data, objet:t;and knowledge bases
— Designruletools
— Improved requirements capture
® Getting upstream processes integrated
— Team culture and its support -

— Integrated CAD/CAE/CAM/CALS ' AR

— Integrated tracking of requirements/features/processes

— Tools and methods that facilitate process design




o <] e, P02 &
°
g
°c ° [}
o
-

//' °
/ /
, ’

e .o N Sonr o St an - gree T or o o -vac C et 00 et Uy o albglai.
et efoy ¢l o &0 €l e R0l ¥ 9%t Tl @ L e 00 T e gTo e T e 00 00 N
o Key Elements i

©
o B ° e

) e " g . o ° <

@ Decreasing the number, cost, and time of design cycles/Problem
prevention

— Better control of prototyping _

— Simulation and soft prototyping of products and processes
— Statistical methods tying design to downstream processes
— Flexible manufacturing '

Study Basis

Based on Success Stories Plus
e Difficulties Encountered
) Bar;iers

: O — Organizational
— Technical

S

e Expert Opinion

e Our Judgement
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e Computer-Based Support Initiatives
: e Formal Methods
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Types of Results

o Quality Improvements
~— Consistency/Reduction of Variability
— Defect Count Reduction
— Engineering Change Reduction
~ Insi:gction Reduction
— Rework Reduction
— Field Failure Rate Reduction

e
.
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e Cost Reduction
~— Reduced Bids
— Reduced Design Cost

- Number of Passes: Down , .
- Computer Support for Information Tracking, )
— Reduced Fabrication, Manufacture, Assembly
- Labor Rates/Costs: Down ‘
- Part Counts: Down
- Inventory: Down
— Reduced Scrép/Rework Costs

Types of Results—3

e Decrer..ed Develdpment Cycles
— "otal Process Time |
— Parts/Materiais Lead Times
— Component Design
— System Design
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Example: John Deere, Dubuque

<

® Example scope: customized system

@ Overly complex design and production system
— award winning but slow and costly
— Deere became non-competitive.

® Implemented: just-in-time, integrated automation, multidiscipline
teams, flexible manufacturing, benchmarking of competitive products

@ Pervasive cultural change required
— Upper management committment and involvement
— Supported by unicnized labor

® Manufacturing concemns integrated with product design with flexible
manufacturing allowing delayed design freezes.

@ System for feedback from field users into ongoing design and
manufacturing process.

® Hardcopy drawings almost completely eliminated allowed by
sophisticated internetworking of CAD, CAE, CAM, business systems.

Asjestmane
L

Deere Results

@ Development time reduced ‘60% (from 7 years) with associated cost
savings of 30%

® Engineering builds reduced to 1 (from 4)
@ Parts fabrication and inventory reduced 65%
@ Inspectors reduced 66%

° Field surveys indicate 100% increase in service life
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A S Example: Aerojet andthe ADAM Mine -~ “** il LDA Ea o

® Example scope: detailed part and process optimizaticn. ° q

® GOCO Plént under control but 19/25 40K lots rejected

o Tiger team fails to solve problemin 1 year ¢
® Aerojet askeq_ to help

h

® Design/Process parameter optimization via well-designed experiments
led to 100% yield ' :

Other Examples

e IBM reduced development time and cost very significantly on recent
mainframe via multidisciptine team and integrated CAD/CAM. The
system is more evolvable and customizable at lower cost in less time.

® ATT . used organizational and process changes including CAD
standardization, simulation, prototyping on the manufacturing line, and
others to very significantly reduce the number of circuit pack design 2 B
cycles from 3 to 2 and heading toward 1. First-pass yields rose from 1
50% to S3%. . .

@ ITT used statistical methods for the optimization of design and /
production process parameters on night vision goggles to achieve very ' /
significant increases in the expected life of the product. Similar resuits u
were achieved in travelling wave tube design. lllustrates that there are
techniques that help us deal with ill-understood technologies during
product design.
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. Other Stuff Covere -

o
°

o

o ©©

e Characteristics of Successful Companies

e Differences of Approach

N

® Details of Existing Methods and Technologies. ’

¢ Misconceptions about Concurrent Engineering

e Pitfall Stories
e Conceptual Framework (In This Briefing)

.

e Recommendations (In This Briefing)

A CONCEPTUAL FRAMEWORK FOR C.E.

@ Purpose: understanding and programmatié planning
° Users: researchers, developers, sponsors, practitioners
‘® Structure: four components showing how/why relaticnships

® Bottom line: technical building blocks
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WHY? - HOW?
' .
DoD Technical
Desl Unique Required
! an Functions Capabilities Bullding
Objectives : ' Biocks
1 2 3 4 :
: ' COMPONENTS
¢
"
webippiestitan
1
FOUR COMPONENTS DETAILED
AY
. N
COMP 1 comMP2 compP3 COMP 4
DoD UNIQUE REQUIRED TECHNICAL
OBJECTIVES FUNGTIONS - CAPABILITIES BUILDING
. BLOCKS
Esrty, compiete d ' Capture data on ble products,  Data Processing &
continuing understanding pro & support {1 [ d).  Oata Structures
of customer squirements '
and priorities. . Define and capture data for new wespon
. system product, process & suppot.
Reduced Cost ‘ ) Synthesize requicements into
design of product, process & support. Frameworks/
Architectures
Validate design of product,
peocess and support.
Transiation of requirements Manage product, process,
concurrently and in sn integrated and support dsta,
" Reduced Time fashion into optimal products ,
. and manufacturing and support processes. Disseminate product, process, Tools & Modeis
. and support data.
"~ Deliver product ¢~ data for
i manufacturing & supporting product.
Increased Quality Rapid Prototyping
] . Manufacturing systems
Process Robustriess
Continuous review and .
Improvemant of product, intelligent oversight for impact
process & support characteristics. | sssessment of changes,
Proactive availability of current desigr ' Design Pr




DOD DESIGN OBJECTIVES
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Component 1: DoD Design Objectives
—L
WHY? = - HOW?

DoD Technical

' Design Functon Capabiltes Buiding
Ohjectives unctions P Blocks
1 2 3 4
COMPONENTS

@ Lower Cost
® Reduced Time

@ Increased Quality
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WHY? < : - HOW?

D:llg)n Unique Required . Taec ::;i:al

‘Ob] ectives Functions Capabilities : . Bl:bcksg

; - . 3 .t e ; .........

COMPONENTS
y ,'

REQUIRED UNIQUE FUNCTIONS

o Timing: Early, Complete, and Continuing Understanding of
Customer Requirements and Priorities

® Process: Translation of Requirements Concurrently and in
Integrated Fashion into Definitions of Product and Manufacturing
and Support Processes

® Philosophy: Continuous Review and Improvement of Product,
Process, and Support
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' UNIQUE FUNCTIONS Ii: PROCESS
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<
°

~ @ Design Must Be By Integrated, Continuing Multifunction Team.

@ Multifunction Process Must Provide Efiicient Iteration and Closure.

® Process Must Identify, Analyze, and Resolve Conflicting
Requirements.

® Process Must Incdi:borate Optimization of Product and Process
Design.

- UNIQUE FUNCTIONS ll.l: PHILOSOPHY

Must Have...
¢ Open and Continubus Customer/Vendor Communication

® Develcpinent of Complete, Unambiguous Statement of
Requirements

— Probably Evolved Through Concurrent Engineering' Process

@ Baseline Product and Process Evaluation

it ppiocdt 10.(18
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WHY? —— ~HOW? °

DoD

Design Unique Required Technical |
° Functions Capabillti > Building

bjectives p o3 e |

1 2 PO I ; .........
" COMPONENTS
REQUIRED CAPABILITIES

@ Data Definition and Capture: Historical & New Data & Knowledge '
@ Design Synthesis, Tradeoff, and Validation: Increasing Efficiency

® Information Management, Disséminétlon, and Delivery: Evolvable,
Tailorable, Interoperable, Secure, Dlstnbuted ngh-performance
Info Management Systems

° Rapid Representative Prototyping: Improve Design/Manufacturing
Linkage

® Process Robustness: Against Design Changes, Process ant
External Factors (Noise)




WHY? HOW?.
DoD Technicai
Unique Required
Design Building
Objectives Functions Capabilities B
1 2 {3 4

TECHNICAL BUILDING BLOCKS: AREAS

" COMPONENTS

e Data

® Information Frameworks

@ Tools and Models

® Manufacturing Systems

@ Design Processes




T COMPONENT 4: DATA 7 = mawnyy

@ Operational and support processes and environments data
i, @ Design process data
@ Manufacturing process data

° Informétion architeg_@ure (model)

COMPONENT 4: INFORMATION FRAMEWORKS

@ Enterprise information management system (including information
architecture)

o Raquirerﬁents, specification, design and description languages
® Requirements and specifications metrics
o Simulation framework (including analysis of resuits)

@ Information distribution system
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- @ Product, process, performance and support models < e
® Assembly models
@ Solid models
° _Cost models
@ Tools for analysis of simulations
) Deéign rules that integrate performance and all the 'ilities
@ Problem identification and solution techniques
o High Performance computers
. o

COMPONENT 4: MANUFACTURING SYSTEMS l{

@ Integration of design systems and manufacturing cells

® Production process technologies
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~ @ Design team dynamics

- Recommendations

° Top-Dowri Implementation—encourage accelerated deplayment
» Executive-level commitment—implementation mechanism for TGM
e Build onto existing programs—DoD, natidnal, state, and private

o Education and training—throughout acquisition chain (esp. too)

e Method and technology development—data, information frameworks, _

tools and models, manufacturing processes, etc. /:;
L

o Pilot projects—identify better deployment, key product technciogy issues,
barriers

® Address barriers—cultural, technical, administrative, legislative
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@ There is tremendous potential for concurrent engineering in weapons *
- gystem acquisitions.

— Marriage of quallty engineering techniques with integrated,
computer aided engineering and manufacturing ¢

] Concurrent engineering entails a pervaslve change in the way of = omg
- engineering and productlon

@ Concurrent engineering is based on bringing the mai.r.um amount of
information and knowledge to bear on engineering decisions. This

- includes information and knowledge on the design, production, use,
evolution, and maintenance of the product.

@ Concurrent engineering starts with the requirements generation ‘
process. Requirements are generated by a dialogue between the users |
and the designers; this dialogue continues through the initial design |
phase so that intelligent trade-offs can be made among cost, scheduls, !
performance, reliability, maintainability, etc.

General Observations ]

@ Concurrent engineering depends on the use of multidiscipling teams
with responsibility and authority for product design and production.

@ Issue: Should DoD review its policies and practices with a v[ev,v tqward
integration, flexibility, and applicability to the concurrent engineering of
weapons systems?

" @ Industry has started; we are looking to deploy on-a broader scale
industry is going to do most of the implementing without the -
government specifying how. How far should the DoD go in enabling
and encouraging the deployment of C.E.? :

@ What DoD and its industries really need is a committment and
implementation of sustained improvement to the engineering and
manufacturing process. Concurrent engineering is simply a first step.

. d’
.
[
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DARPA/ ISTO MANUFACTURING PROGRAM

OR. WILLIAM €. 1SLER
INFORMATION SCIENCE ANO TECHNOLOGY OFFICE
DEFENSE ADVANCED RESEARCH PROJECTS AGENCY
ARLINGTON, ‘/INGINA 22200°

SOME ISSUES

¢ View of strategic issues has been evolving
- Speed of design and product deployment
= to accelerate experimentation with new product functions
- Die production is crucial technical issue in mass manufacture

~ Central role of modeling and metrology: controi all steps of the
manufacturing process to guarantee quality

~ CIM for early trouble warning and factory control

~ Comprehensive view of all factory pre cesses for manufacturing
process design

~ New technologies (e.g., composites) which can revolutionize prod-
uct technical design in some cases

v Issue still to he faced: “non-touch “9sts”

Manufacturing Program Plan

.
-y BE . &N ~ :
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INTENDED RESULTS

. Facilities for rapid physical prototyping of piece parts
and assemblies.

« Family of machine tools with leap-ahead technology
featuring next generation controllers and world-class
reliability.

» Means for comprehensive real-time dynamic simulation
of manufacturing processes and products, plus
laboratory verification.

o “Special opportunity” systems; e.g. fabrication and
inspection of composites.. '

Manulscwring Progrem Plan

ADDITIONAL RATIONALE

o Key U.S. industries losing viability — intense international
competitive pressures.

DANGER OF EXTINCTION: U.S. piece-parts manufacturers 80 to 90 percent
dependent upon foreign competitors for machine tools. The ISTO pro-
gram and DARPA’s leadership could help provide U.S. produced leap-
ahead products.in 4 to 6 years.

o Well-controlled processes vital for reliable and cost effective
production. .

Resuits of Iaboratory research efforts to be applied to total factory setting.

o Strong consumer electronics market IZEY to the health of defense
electronics.

The ability to rapidly explore the largest possible variety of new products is
essential in this and other manufacturing areas.

o ISTO’s programs must aim at faster product realization and
evaluation of reliable products.




ISTO MANUFACI'URING PROGRAM

e Current research focus
- CAD/CAM for mechanical parts and assemblies
= Comprehensive modeling of dynamic physical systems
= New manufacturing technologies
- stereolithography for rapid prototyping of dies
- Robotic layup and inspection of composite materials
== Computer-aided tools for process control

o New opportunities have been identified in three areas:
= Machine tools: integrate advanced design/analysis system
and metrology with tool control

= Factory O for process metrology and control

e
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- Rapid product realization and end-user tests for small electronic systems

INTEGRATED
PRODUCT AND PROCESS DESIGN
FOR MECHANICAL PARTS AND ASSEMBLIES

OBJECHVE. To bridge the gap between design and manufacturing in an

impilementation that supports slmultaneous engineering, team
design and rapid prototyping.

Des’z~er programs manufacturing “languages”
{:3 Machining
= Iniection molding
- Assembly .

Implementation Machining operators: “hole,” “pocket,” “sweep”

Assembly operators: “attach,” “Insert.” “align”
Sweep operaturs: direct conﬁ’ol of simulated tools
Solid modeler: incrementally simulates plan
Completed plans: comptiled into NC-Code -
Physical parf: milling machine, assembly robot

~.

Manufscturing Program Plan

coQtce ~Sc o O .go
< € < ©
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Manulscruring Program Plan : s

' RESULTS: STANFORD UNIVERSITY

FIRST CUT PROJECT

«An improvéd machining knowledge base with additional operations and
features : ‘

« An ability to monitor processing conditions (e.g., forces, vibrations) while
making prototypes

+ An ability to run First-Cut simultaneously on several workstations

+ A preliminary knowledge base and user interface for an “aésembly- mode”
in which designers can design assemblies of parts for robotic assembly (the §§
demonstration also featured a very limited capability to automatically '

generate instructions for Adept One robot, which accomplished the
assembly) '

+ A preliminary knowledge base for an “injection molding mode” and an
interface to a commercial CAD system from Computervision Inc.

~ ..

Manufacturing Program Pan

g e e




SRR SR G L S S N R N T
e T, o L (fc:(‘oghc . O’rf'inkcc'uv”c L Sy e . e core it o« . . -
c o s © ° . o ¢ e ((, o < € e < o R i
< ¢ ° 3 3 °© o o o ° ° . o . o @
<
. Sophisticstion
.’ The
° T Electrical The
TthdII Meochasicd Eagisseriag Computer
Lea Eogineering En Era
' En
1520 1900 1960 1978 g Year
a o -
l : 1
m‘.w' ."m; 0 Comonnnd Fosmarves
Swel © '+ Comtrel | 2 CAD of *nesndyscmn” :
4 t | hegee '
Figere 3. The lour eras of the machise tool indasiry
XU OEXENDININ COCTNINLNES EYDODICTIRT
Veriows M m!‘nxumnc.
Foctory 0el0bese® I.lu
ond Precese Monufaciuring
Menegement lmooonuu.g '
System
. i CAB/Chme

and Sides Bist \
=

CW/

Post-Freceseers

I\

|| —— morect contras’

\ tpert Systems

CONTROLLER

U




" N < ° e Gl g wi ST e
. . Goen e e og - e e
~ . : e . cep & T S, A S R - ’ R B
=@ e AT peil T mBeartgers o, socy oo e o
s et 75 osee C o Ted © e e
=7 % e ta g

Sensor. reeapack rom wumy | - -

o Y ] ©
. °
° <

o
° E e © o "o
N o R . e . ° ° o . .

) Pyrometer
) Microphone y .
Part 2 %
Y Camera

AR

e Vibration
Camera Sensor

rores |

Sensing 1
Platform

o
q
Ry’ S
FoRRI TR |
el

[p———
S

RESULTS: CORNELL UNIVERSITY

A new paradigm for improving robustness of engineering computations.
inherent Problems:

j ms fal when muitile conversions of floating point data
to symbolic data are made in an inconsistent fashion.

-Da.uopredsbndoesno!mmoproblun
- it only hides the difficulty.

Research Resuits:

-Ounamratedthatoodoforhwwnproblemssuchasmehtersectionof
am-pdyhodacanbesmadscthatalcmsiomofwicto
symbolic data are independent.

=Actieved several orders of magnitude improvement in robustness for code
that itersects polyhedra.

important implications for next generation of solid modelers.

’
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FAST PRODUCTION OF DIES AND MOLDS
SHAPE BY DEPOSITION

Stamping or molding can shape materials at low cost
& Manufacturing the initial die is expensive

Task: Reduce cost of dies and molds by incremental material build-up technologies
@ Stereolithography (CMU)

. ¢+ Developed by 3-D Systems, In-.

* Device testing stage at several companies

» Scanning laser and vat-platform assembly
¢ Can be coupled to 3-D modeling system
* Plece parts and forms for dies or molds
¢ Plasma Spraying (CMU)
¢ High performance coatings onto near net shape bnrts
Dies, forging preforms, moving parts, rollers, ete.

® Selective Laser Sintering - under review ]
(developed by University of Texas at Austin) -




° Summary of Current Efrorts
Themey: Advanced CAD toolg nd theiy integration into Machining ang /
fonnlng Practice
Rapid pmto(yplng of electronic and Mechanjcal Systems
Improved Production reliability ang Process congyg) .
Stanford Simukaneous of Product and process for machining
‘ and injectipg molding
Utah Geometric object description for machining
Purdue (w. NsF) Quick Prototyping of Mechanica) Parts; automgteq
. assembly technology
Cornel Georhetric ang dynamic simulation of
: - Mmanufacturing Processes R
Nationg} Instityte of
Standardy and Technology Mnnuflcturin; fesearch testhed
MU Fast objecy Prototyping by stereolithognphy
and plagmg tpraying
SR1 Automated lajup ang inspection of cbmpt)gites -
Mma«m, Program H-n,
Summary of Current Efforts, Cont'd,
THEMES; ADVANCFD CAD TOOLS AND THEIR INTEGRATION INTO MACHINING
AND FORMING PRACTICE
RAPID PROTOTYP!NG oF ELECTRONIC AND MECHAN!CAL SYSTEMS
IMPROVED PRODUCTION RELIABILITY AND PROCESS CONTROL
Lockheed Expert Systems ang case-~based reasoning oy
. manuflcmnn; Systen breakdown diagnosis
U Arizona/BM Collaboration technology for evaluating manufacturing
&roup work Processes and Ron-~touch cog factory
BAA Integration of CAD ang Mmeasurement (ool
into Machining environmeny
BAA Fast Prototyping of moids and dijey
Product-leve; Packaging systems for rapid

Prototyping of electronic systems
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Administrative Milestones i
1
e P | ™o | ‘
CAD/CAM Mechanical ;
Parts i
A :
.
Toohnioal Review A
. Industriel Lislsen f VS \
New Machine Tool
Environment
A A
Contracte ‘
Fast Production of
Dies _
8AA A
— A
Special Opportunities
Compoeiise A
Stersothography A
telert ) 14 Oct 88
31
ISTO MANUFACTURING PROGRAM.
Technical Road Map

Concurrent Product &
Process Design
Simple MiNing

CNC Mechining ot ME1203
Lovel

Assermbly of Twe Machined
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i © ©* ISTO MANUFACTURING PROGRAM -
Technical Road Map
Machine Toel Envirenment / Fast Praduction of Dies
ves l © el ' e |' (23 1]

Machine Tools

Multi-Soneor Work Platform ‘

Dasign of Mid-Clase Machine A

Oemonetretion Machine A

W

[Ermaranement A

Fast Molds/Dies

Polymer Parts

Low Temp. Molde A

Plaoms Sproy A '

fnlert 14 Oct 88
8)]
' ISTO MANUFACTURING PROGRAM
~ Technical Road Map
(Robotics For Composites)
rves | e | rreo | (53]
Composite Layun
And Inspection
" Prefiminery Study Complete A

Ste-of-Art Survey A
Werhohep A

(SN




© AFWAL MANUFACTURING TECH DIRECTORATE INITIATIVE
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IN CONCURRENT ENGINEERING




. (( ., Alr Force Manufacturing Technology Directorate - . TN L.
' Concurrent Englnee;'lng

AFWAL

Manufacturing Technology Directorate

Initiatives
in

Concurrent Engineering

Gerald Shumaker
AFWAUMTC
" 513-255-6976

—
. DARPA CD/CE Workshop
\ 6-8 Dec, 1988
. . v
1282

SERIAL PRODUCT DEVELOPMENT
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DESt MFG
.s GN PARODUCIBILITY QUALITY
: ASSURANCE

 PRODUCT
DEFINITION

sam Focus On a Specific Product

Concurrent Enginesring Cuts Across Many Disciplines

. "Stovepipes® -




“c - Alr Force Manufacturing Technology Directorate . \
Concurrent Engineering D o

Elements of Concurrent Engineering

Improved Management/Cultural/Business Practices

Application of Systems Engineering Process

EQ; QFD, Taguchi, Architectures, Information & Process
Modellng

Computer "Power", Supporting Tools & Integration of Systems

-~

DARPA CD/CE Workshop
6-8 Dec, 1988
W,
Air Force Manufacturing Technology Directorate \
Concurrent Engineering

! CEO FOCUS I
+ PEOPLE ORIENTED

~ People communicating & shering Information
« Computers used as an extension of the way t* vy do their job
= Gosl Is 1> make computers heipful to this process

» TRAINING, CULTURE, BUSINESS APPROACH & CONTRACT INCENTIVES MUST BE CONSIDERED

+ NEAR TERM PILOT PROGRAMS & DEMONSTRATIONS ESSENMTIAL TO BETTER UNDERSTAND
IMPLEMENTATION STRATEGIES & GAIN SUCCESS

» ESTABLISHMENT OF THE PROCESS (Long Terr) IS AS IMPORTANT AS THE PILOTS & DEMO'S

DARPA CD/CE Werkshop
el 6-8 Dec, 1983




Concurrent Engineering

Alr Force Manufacturlng Technology Dlrectorate \

END OBJECTIVE

« HELP THE AIR FORCE BUY & SUPPORT WEAPON SYSTEMS
MORE EFFICIENTLY

« HELP INCREASE THE COMPETITIVENESS OF U.S. WEAPON
. SI\gEEM MANUFACTURERS & SUPPORTING INDUSTRIAL

. DARPA CD/CE Workshop
) 6-8 Dec, 1988

K Air Force Manufacturing Technology Directorate
Concurrent Engineering

CEO STRATEGY

* Orchestrate & Focus Center - Wide Activities in CE
» Guide & Leverage Prcduct Division CE Initiatives
« Complement R & M 2000 & TQM Initiatives
« Conduct/Manage R & D programs where work Is needed
( Not already In an existing mission area)
« Contraciual
« In House (possible)
« Advocate Role for the Above

DARPA CD/CE Workshop
6-8 Dec, 1988

)
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. / ~° AirForce Manufacturing Technology Directorate

Concurrent Engineering

OVERALL PROGRAM DEVELOPMENT STRATEGY

:

Midterm Development (6.2/6.3/7.8)

'

Mid/Long Term Rsh & Davelopment (6.2, 6.3, etc)  =====eip~

{ Planning } -~ Concurrent Engineering Office Operating Strategy

Near Term Demo's

)

' ' DARPA CD/CE Workshop
\ - ' 6-8 Dec, 1988

DARPA CI/CE Workshop
- 6-8 Dec, 1988

K - A'r Force Manufacturing Technology Directorate \
E v Concurrent Engineering

CRITERIA FOR CANDIDATE PROGRAMS

1. Appiication to AF weapon systems
« High leverage program(s) with design issues to be rescuived
« High cost components with typically short life cycles
« High cost components with complex pioduction processss

2, Opportunity for innovative Informaticn exche:ng > and use
‘e ACCOmmodata rapid trade offs among a varis:y of discipiines
« Abllity to solicit and then respond to end usar inputs
« Audit & verification trail that insures confidence

3. Not just a paper study .
« "Hands On" to validate conceps,

4. Results extensible to subsequent programs

8. Laverages on-going AFWAL, Product Divislons, DoD, DARPA & Industry initistives
= Cost shasing sought

6. Compatible with existing and smerging Gowvt & industry
standards efforts ‘ R

H,{yi‘ //
e Vs




c ( R Alr Fo;geoMangfacgurlng Technology Directorate. - \
‘ . Concurrent Engineering .

TARGETS OF OPPORTUNITY

+ Advanced Development Programs Aimed at Major \Weapon
Systems (6.3)

. ngor Englneerlng Change on Wéapon Snstem Managed dy Alr
orce Product Divisions (eg; Avionics Upgrade)

+ Future Weapon Systems
«« Currently in Concept Stage (eg; ALS)

: ‘ DARPA CD/CE Workshop
6-8 Dec, 1988
/ Alr Force Manufacturing Technology Directorate
' Concurrent Engineering

Candidate Focused Initiatives

« Leverage AFWAL test facilities for concept demonstrations
' +» Soiicit & merge concepts for concurrent engineering
(MAGIC cockpit analong) _
« MT's Integrated Test Facility aimed at supporting mf
Near term cornicepts - builds from ENE '88 & Cals EXPO
» Automated Avionics Deslin & Mfg
« New Elactronics Packaging Concepts — Support trade offs .
- Integrate Photonics, Wafer Scale Logic, VHSIC .
" s Drive to lower costs, scheduled maintenance in electronics
*« RAMCAD for AVIP
. Deslgn for Assembly
- Support decisions to resolve constraint Issues among design,
mig, quail?, logistics suppert
‘de

« Goal is to "design & build it right the first time" -~ dramatic ECO
reduction .
| DARPA CD/CE Workshop
. 6-8 Dec, 1988

~— ./




‘Alr Force Manufacturing Tect 10logy Directorate  ° - \
Concurrent Engilieering

Potential Partrisrs

+ Existing 6.3 effort- "tag” on to exlstlng work with addl' demo (TX?)
+ ETL - Bill Edwards

« MT Directorate (Fenter)

«AA - - Spector

ML - Mel Ohmer, S. Leclair, otal *

« DARPA

+ AMRUHRL

» CALS office - R. Shorey Concurrent Englneeflng Thrust

+ ASD/EN - Col Radford, et al

«Advanced Launch System SPO (AFSC/SD)

. DARPA CD/CE Workshop
: . 6-8 Dec, 1988 .

/ Alr Force Manufacturing Technology Directorate \

Concurrent Engineering _ \

How is success measured?

. Slgnlﬂcant increase in the ability of technical speciallsts to interact and
make trade offs before the design Iis "froczen™.

+ Reduction of engineering changes after the deslgh Is released

» Reduced maintenance costs through full appllcatlon of R& M 2000
principles

» Ability to successfuily manufacture and support the “as designea-as
hullt” product in a much more efficient munner

. Impro:‘led responsiveness to the people in the fleld —~ meets their real
needs.

Y

\ . DARPA CD/CE Workshop

. 6-8 Dec, 1983
\ : .




Air Force Manufacturing Technoloqy Directorate \

Concurrent Enginesring

EXAMPLES OF LONG TERM GOALS

« Design Intent Capture -
« Metrics for Info Transfer jicross disciplines (levels of automation, etc)
« Design Synthesis
« Automated Tools
Tedious, non creative jobs
Constraint Processing
« Configuration Controi
Weapon System
Data about the Weapon Systermn
Meta Data =~ —~

DARPA CD/CE Workshop
6-8 Dec, 1968

Air Force Manufacturing Technolcgy Directorate \

Concurrent Engineering

Joint Project Opportunities

Alr Force

Focused
Applications

Features ~ Definition & Computer Sensibility-Use
PDES ~ Lovels 3 & 4 Definition & Use
“Intelfigent” Data Bases

Process Modeiing

Design Autemation/Design Synthesis
Framework/Arcnitecture(s)

‘ - I > DARPA CD/CE Workshop
Advanced Applled 6-8 Dec, 1988

v
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U.S. ARMY LHX PROGRAM




THE U.S. ARMY
&
CONCURRENT ENGINEERING

~ar

\\
Mike Patterson
ASA (RDA)
(202) 685-8545

- OBJECTIVES

- HIGHER QUALITY
- RED!!CZD COSTS
. RECCCED TIME TO FIELD




<« LHX DEM/VAL SOLICITATION
S N
* 8 YEAR TIME HORIZON
- ATTACK HELICOPTER
- $7.56 M/COPY
- 7500 Ibs.

*  TWO CONTRACTOR TEAMS
- BELL/McDONNELL DOUGLAS
- BOEING/SIKORSKY

SOLICITATION CONSIDERATIONS §

- DEFINITION? |
- TQM vs. CONCURRENT ENGINEERING (CE)?'
- PRODUCIBILTY vs. CE? | §
- LIABILITY (LEGAL & COST)?

- INCENTIVES TO INDUSTRY?

- GOVERNMENT "INHIBITORS"?

- SOURCE SELECTION METRICS?




- METRICS CONSIDERATIONS

PAST PERFORMANCE?
PROFIT MARGINS?
EVIDENCE OF PROCESSES?
ABILITY TO SHOW "COST OF QUALITY"?

LHX SOLICITATION
TQM/Concurrent Design Plan

PROPOSED "BEST MIX” OF APPROACHES,
Toots & TECHNIQUES?

- COS

Govi
OFF-

INTEGRATED (THE °ILITIES")?

,» SCHEDULE & QUALITY IMPACTS?
ERNMENT “INHIBITORS"?
SETTING ACTIVITIES TO BRE REPLACED




'SAE-APPROVED CE MITIATIVES

- START AN ANNUAL "BEST PRACTICES"
COMPETITION IN DESIGN & ENGINEERING

- ESTABLISH AN ARMY ACQUISITION CENTER' A4
- SHOWPLACE "BEST PRACTICES” - B

- TEACH TQM & CE FUNDAMENTALS
- EVALUATE °"INHIBITORS®

= ESTABLISH AN ARMY MANUFACTURING
BCARD

+ STAFFED BY INDUSTRY & ACADEMIA



CONCURRENT DESIGN/CONCURRENTE
ENGINEERING :
LIGHT HELICOPTER PROGRAM
T H
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LHX B PROGRAM SCHEDULE
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L__l-_IX QONTRACTQR TEAMS
EiBSI_IEAM S!J.EEBIEAM_

BOEING HELICOPTERS BELL HELICOPTER -
TEXTRON, INC.

SIKORSKY AIRCRAFT-CO. MCDONNELL DOUGLAS
HELICOPTER CO

. CONCURRENT ENGINEERING - TOTAL QUALITY MANAGEMENT

OMPLEMENTAR NCT}

l CONCURRENT ENGINEERING l

SYSTEMATIC APPROACH TO CREATING A PRODUCT DESIGN

| TOTAL QUALITY MANAGEMENT I

DISCIPLINED STRUCTURE TO CONTINUCUSLY IMPROVING
ALL PROCESSES




CONCURRENT ENGINEERING - TOTAL QUALITY MANAGEMENT

SIMILAR _REQUIREMENTS

- FUNDAMENTAL SHIFT IN MANAGEMENT PHILOSOPHY
. TOP MANAGEMENT COMMITMENT/NVOLVEMENT

« TOTAL PROCESS ORIENTATION '

« SYSTEMATIC APPROACH

« MULT! - FUNCTIONAL TEAMWORK INCLUDING CUSTOMER

LHX CONCURRENT ENG!NEERENG

INTEGRAL PART OF DEMVAL
: -MULﬂFUNcnONAL
- ENGINEERNG -MATERIEL < MARKETING
-SUPPORTABILITY - PRODUCEBILITY - MFG. ENGINEERING
- OPERATIONS - - FINANCE
- PRODUCT INTEGRITY
* PRIMARY OB.JECTIVES ' e

- TRANSLATE CUSTOMER EXPECTATIONS INTO REQUIREMENTS
- FOSTER CONTINUQUS IMPROVEMENT THROUGH TEAM WORK
- INTEGRATE DESIGN TO MANUFACTURING & SUPPORT PROCESSES




' CONCURRENT DESIGN/ENGINEERING

MULTIFUNCTIONAL Vet INTERDISCIPLINARY

LHX NATURAL WORK GROUPS

MANPRINT/  pESIGN TO COSTA.CC :
HUMAN FACTORS N SUBCONTRACTORS

CO- LOCATED WITH DESIGN FUNCTIONS




LHX CD/CE PLAN

©OPERATIONAL PROCEDURES
eMANAGEMENT DISCIPLINE AND PROCEDURES

¢ IMPLEMENTATION OF CAD/CAE

eMIX—-OF -TOOLS | i
#ESTIMATED COST AND SCHEDULE ]
¢INHIBITORS

oIDENT'FICATION OF OFFSETTING ACTIVITIES

SUMMARY

QUANTIFIABLE DIFFERENCES BETWE
AND TYPICAL DESIGN PROCESSES =N CD/CE
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DICE (DARPA INITIATIVE IN CONCURRENT ENGINEERING)
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/ .. DICE: DARPA's Initiative in Concurrent Engineering ) o \

Research Issues in

System Architectures for Concurrent Engineering

presented by
J.W. Lewis
(518)387-5072
lewisjw@ge-crd.arpa

General Electric Company
" Corporate Research and Development
PO Box 8, Schenectady, NY 12301

Other members of the DICE architecture team who contributed to but do not necessarily
agree with these remarks include: RT Wood, manager IAT, JW Erkes, manager IAM,
J. Czechowski, B. Sarachon, F. Stocker and W. Uejio from GE Corporate Research as

_ well as RA Reddy, director CERC, J. Cleetus, J. Kannan and F. Lonvano from West

M. Hardwick, Rensselaer Polytechnic Institute.

EH120DCE Weksimy . DICE

hi : fectiv
Aerodynamics
@ Costing, Life Cycle Mechamcal DCSIi
5

Virginia University; S. Finger, M.S. Fox, Camnegie Mellon University; and M. Wozny

-
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Central Services Materials Drattmg
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» User view: Enabling the design enginecr to identify and exploit the distributed human
and computer resources of the enterprise as if they were local.
o Developer view: Providing a convenient framework within which a vanaty of system,
modeling, user interface, and applications tools can share common models.
Ma_mmﬂm Integrating tools more easily, rcspondmg more quickly to the
engmeer s reqmremems and building more extensive models

Coordmaung the activities of the various groups and improving both

m | |D"§

human and computer communications.
\ Overall: 2:1 Reduction in design cycle time J
NS H1205DICE Worat
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/ : A Model Concurfent Engineering Prob™ :m:

Turbine Blade Design
] Combusor airfoil
Compressor HPT LPT
. —  m— -
R -~ —
Aircraft * Aircraft Engine , Sovend
Turbine Blade
Interacting Disciplines Performance Criteria
. Aérodynamics » Efficiency
* Mechanical design » Weight
o Materials . ' ~» Vibration
Thermal . * Stress
Process design Foreign object damage
Drafting ' Cost, yield
Quality , ~ Life
Costing Logistics

\ TRt et . DICE

ncy: Some Definiti

" Happening at the same time 2 Operating in conjunction

L eNgr S—

a.Phase: concurrency among conceptual design, preliminary desxgn, detail design,
process design, cost, manufacturing, and quality; -

b.Design: concurrent pursuit of multiple design alternatives;

c. Discipline: concurrency among aerodynamics, structures, stress, thermal, process
- engineering and other engineering disciplines;

d.RDT: concurrent pursuit of research, development, and tools;

e.Methodology: concurrency among requirements specification, high level design,
detail design, implementation, integration, test, and maintenance activities; and

f. Execution: concurrency among different groups and programs sharing data and
processors.

\ — . DICE
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~ Assembly
c < trn

Project
structure

Constraint
graphs’

— 11T
P11
Analysis and Costing Process
test data and risk plans

EXPORT(I11,112),
ENTITY 111;
END_ENTITY;

Graphic editor

Translator

==

E-R or IDEFIx

$1205DICE Workshop

EORTRAN

program fem

real grid(500,500)

read(5,10010) grid
10010 format(500f7.2)

~




o0

/ ' . ngineer'

o In memory: high speed, but persistence and sharing are problems (CROSE)
o Ondisk: persistent, shareable, and language independent; but generally slower (IRIS)

How

» Hierarchical

« CODASYL

* Relational (SQL)
¢ Object-oriented
+ Frames

» Logic

Yiews

* Simultaneous relational and object oriented
 Multiple user profiles and access permissions

1 I ‘ , .
. Ideal: totally transparent to host language, accessible to all languages, nins at memory
speeds, persistent as required, shareable as required, loads quickly, schema can be changed
without recompilation, old/new schema can coexist, dynamic objects, and little

{rage/access time overhead over equivaient simple record.

S12050ICK Waskzhep s . DICE

A collection of design-oriented user-interface idioms
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% get foil0 versionl.1 |

% merge foil0 platfcrm1 dovetail3 blade9
% mesh blade9 |

% Nastran blade9

T ‘.I‘Zl:\" 2 radisg . C

Nalert: cost
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Campbell Diagram

\ $81205DICE Workaboy

A B | € | [ E | F_ 1 G
p
3 DETAILED FEATURE _S
4 D Engine  Material Length  MinRPM Max RPM
[ MMC-1 __ YFI20 __MMC-11 32 __7000 10000
[ E Y I A RHO  WEIGHT
7 100 53 10 53 5 20
5 .
] ANALYSIS RESULTS —
0 quency 1T 1F 2T 2F 23
1 6 10.00 1230 25.40 32.40 46.70
2 7 11.20 13.79 28.20 36.02 51.67
¥l 8 12.00 14.80 30.20 3850 . 5543
14 9 12.20 15.09 31.00 39.62 57.40
12 10 12.00 14.90 31.00 39.60 $8.17
6
3 .
; Campbell Diagram |« o
20 < 25
21 -
5 27
pX o
-
+ IF
\ RPM (1000's) * T
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Frequency Analysis

Al B [ ¢ T ™D 1" [ F T G T H
)
3| [SELECT DESIGN FO_R ANALYSIS [ -
4 D Date __ Material __ Length Min RPM_Max RPM
S| |Typical steel 1-May-67 FE 1.5 6000 9200
[ i -Mag-
(7] [MMC-I__3l-May-30_MMC-IT 3.2 700010000
) MMC-2  25-Jun-82  MMC-23 33 7000 10000
9 MMC-3  30-Jul-87 MMC-33 32 7000 10000
0
1| |DETAILED FEATURE S —
2 D Engine Material Length MinRPM Max RPM
131 | mMMC-1 YFI20  MMC-II 32 7000 10000
14 E Y T A RHO  WEIGHT
15 | 100 53 10 53 s 20
¢ ,
17| |SL_ZCTMODES ___]

] 2
9 *
20 8
2]
2
%
28
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Planning for Concurrent Engineering
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aero
mech
matls

aero Concurrent design requires far more
interaction than is typical of current

mech T,4p sequential methodologies.

matls

DICE J

» Multiple models and data bases
Simple info models, limited scope
Incompatible tools and data bases
Task management and communication
Information transfer

Incomplete optimization (e.g., life cycle)
Resource identification/planning

Unified master data dictionary
PDES/Express, CASE tools

Wrappers and feature linking

Generalized task control and mail interface
Data base-driven file translators
Constraint graphs and embedded planners
Information manager

e o 0o 5 o o o
*® & & & & o o o

Limited access to information Integrated backbone language and data base

3. ADevelopment Plan | ’
« Tool, invention, and research foci
* ‘Progressive refinement: fast transition from research to practice
 Phases: Paper mockup, executable mockup, demonstration, prototype, ...

Major Modules
¢ DICE f{or DICE (CERC)
* Design fusion workstation modules (CMU)
¢ MINI-DICE (WVU)
» Electronics assembly module (Cimflex)

k « Unified architecture and mechanical problem (CR&D, WVU, RPI NCSU)

l Qbijective: 2-1 cycle time reduction ]
$81205DCK Workshep ¢ EDH(CIE
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CONCURRENT ENGINEERING RESEARCH CENTER

DICE ARCHITECTURE

RAMANA REDDY

WEST VIRGINIA UNIVERSITY
MORGANTOWN, WV. 26506
304-293-7226

rareb.cs.wvu.wvnet.edu

wvwcsnc/

-

K 11/30/88

\

EXECUTIVE COMMITTEE

RAMANA REDDY -===v=--- WVU/CERC
JOSEPH ERKES -=~-=---- ' GE/CRD‘.
RALPH W00D  -=====--- GE/CRD
MARK FOX [ CMU/RI

WVU/CERC )
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,u Develop an engineering environment that is:

Distributed
e Heterogeneous

e Near-paperless

Concurrent

To promote'

--> Cooperative dosign

And reduce

--> Concept-to-product cyecie time
\\\~.|uwma _ — WVU/CERC

( DICE ASSUMPTIONS

e Heterogeneous spatially distributed computing
environment

e Utilization of existing tools
e Enforcement of authorization and security protocols
e Smooth evolution from existing cuilture

e Fail-soft and unobtrusive environment

Qo-eﬂstence with evolving standards
11/30/88 ' WVU/CERC




//'* | 516 NSACTIO ; "\\ AR
e Multi-media communication (Phone, Fax, E-mail...) =

e Activity planning and coordination (Project Lead)

e Negotfation with high bandwidth corﬁmunicatlon (meetings)

Local analyses

Sign-off and authorization

® Progressive decision making:
e Access to databases, compute servers and remote tools

® ~..hival of designs

e Document Preparation and access management /
\n/so/au ' . - WVU/CERC

//’i DICE _EVOLUTION ﬁ‘\\

(1588-1992)

88 - 89 ' 90 91 92

%77

[ A T

Communication

Coordination

Cooperation
Design assistance

K : , -lntegratiy
- 11/30/88 ‘ WYU/CERC




Design
Assistence
Communicstion
Uniform
interfece

reduction
in cycle
time

11/30/068

0 10

e Trensparent communication

e Coordination and cooperation /_

e Concurrent execution of transaiUons
° Negotiaﬁon and concurrent management

e Task planniag

° Constra’int management

e Design assistance / :
WVU/CERC :
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DICE SYSTEM
Compute
Process Project Dotabass
Plan Cost Lead Server
-— COMMUNICATION CHANNEL -~
Prelimina
Design iy Aero Hocﬂ- Material
\.
DICE SYSTEM LAVYERS
1. Application layer .
2. Mansgement layer
3. Data layer
WVU/CERC
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DICE Architecturs

R B IR . Engineer's Workstation interfece Framework
- &

1.2 ‘ _Wrapper
Domain Specific System

Menegement
Tuols

1.3 Commond Management

2.1 Activity Menagement

rgmt}
layer K
2 £

22 Mode] Management

2.3 Distributed information Flow

2.4 Authorization Management

3.1 Freme System ,
3.2 Object System Il::o:'
33 Relational DB (sql) ]' Object o;mmu *
| 34 Files

t's ’ 0S! Network Layer

I

K DICE SYSTEM iOMPONENTS \

. The UIMS system

-

2. DICE Communication Channel (DCC)
3. Concurrency Maneger (CM)

4. PPO server -- Product, Process,
Organization

5. Dice Blackboard (DBB)

6. DICE object management system

7. Compute Server

8. External networks

9. Knowledge Server ' / 2
11/30/88 WVU/CERC
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- responsible organization/ contributor

- tool invocation

- tool libraries i
¢ Canonical data dependencies

¢ Process plan definition

* Manual /automatic execution
 Pointers to "Product” model

¢ Pointers to "Organization” Model

~ PPO Model Organization

"Product” Model
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(/’f DICE ON DICE ‘\\

Early prototypes of DICE sgstem will be used to
manage DICE system development.

® Ramote br_o.wsing/vediting of documents

e Communications

e Information distribution

e Version management

e Automated integration (Super-MAKE)

e Project management
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PaSE o PHASE 2. "‘
G PRODLCT ND — »| 2
PROCESS AWALYSS AND ECONOMIC AMALYSSS §
1 2 3 4 [ (] 7 9 10 11 12
1 ) ! 1 { 1 i L&
e . . . ' s & FRLPRESENTATION  FINAL AEPORT
]
DATA SACKAGE NEEDED STATUS REPORT PHASE 1 - FINAL REPOY STATUS PEPORT
- PRODUCT AND PROCESS $TUDIES,
+ Orwesan + STRATEOIC ISSUES AMD BUTIAL SYSTEM STUDXTS + ASSEMILY SYSTEM AL TERNATIVES CONSIDERED
+ PRCEPARTS + CHTICAL PROCESSES FINAL OGNS BEIMG 3 TUDED
+  PROCESSSEEN + POSSLE CESKN CHead + TRANSPORT CPTIONS, FLOOR LAYOUT
+  COSTSHEETS ‘e COBT ESTMATES
¢ REWOMK REPAIN, GUALITY DATA + WORKETATION DESCRPTIONS
O GOMS AND TRENG oe
* FIMST VISIT - 3 DAYS, 3.6 0L PERSONNEL * SYSTEM SMILATIONS'

WVEFIE TY CONTRAC TOR MANAGEMENT OF STUDY QO E AMD CONSTRANTS

R REY $TUDY PERSONMEL.

DETAL TOUR OF FACLITIES - TYPICALLY 2-4 DETAL TOURS ARE MACE ON DFFERENT SHIFTS
OETAR REVIEW OF DATA PACYAGE

DETAR REVIEW OF CESGIN, NEW GOMLS, ANY PROPOSED MODIFICATIONS

DETAL STUDY OF ASSEMILY AREAS, REWORK PROBLEMS, OPERATON TRANING,
SUPERVISION, YIELD, INSPECTION TECHNICLE, £TC.

« TEGHNICAL MEETINOS OR TELECONFERENCES

FIGURE 1. SCHEDULE FOR TASK 1

* MESLLTS OF VERFILATION
EXPERSMENTS OR TESTS
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DELIVERABLES © - - =~ . .t . .=

DETAIL CONCURRENT DESIGN ANALYSIS

NOTE: TWO MISSILE COMPONENTS HAVE BEEN SELECTED FOR DETAIL ANALYSIS

IDENTIFICATION OF KNOWLEDGE-BASED TOOLS NEEDED TO SUPPORT THE ANALYSIS, DESIGN AND
IMPLEMENTATION OF ADVANCED MANUFACTURING SYSTEMS FOR DOD (END OF 1ST YEAR)

IDENTIFICATION OF FURTHER RESEARCH NEEDED TO EXPAND THE PRESENT SETdF CONCURRENT
DESIGN TOOLS AND TECHNIQUES, AND KNOWLEDGE-BASED SYSTEMS (END OF 1ST YEAR)

ANALYSIS OF VERIFICATION ACTIVITY (END OF 2ND YEAR)

TEST-BED CONCURREND DESIGN SYSTEM COMBINING EXISTING CONCURRENT DESIGN METHODS AND
KNOWLEDGE-BASED METHODS (END OF 2ND YEAR)

OUR GOALS

DEVELOP AN ARCHITECTURE FOR COMPUTER-AIDED CONCURRENT DESIGN

IMPLEMENT A DEMONSTRATION OF THIS ARCHITECTURE

APPLY THIS DEMO TO A REAL PRODUCT

THE ESSENCT OF THE ARCHITECTURE IS THE DESIGN OF DATA AND KNOWLEDGE BASES
AND A SET OF ALGORITHMS THAT OPERATE "N THESE DB/KB'S

THE DB/KB'S WILL BE A MIX OF GENERIC AND PRODUCT-SPEZIFIC DATA/KNOWLEDGE

THESE MUST BE OF VARIOUS TYPES, ABLE TO INTERACT WITH EACH OTHER VIA
THE ALGORITHMS :

THE SYSTEM MUST BE EXTENSIBLE TO ALLOW NEW ALGOR!THMS, DATA AND PRODUCTS

7S5
©)

rownd




c

MAIN FUNCTIONAL
AND PRODUCTION
REQUIREMENTS

PRODUCT FUNCTION
AND MFR CONCEPTS:
IDENTIFY DRIVERS,
CONFLICTS, COSTS.
REFINE DESIGN

g

DONE BY EXPERTS IN A TEAM

CONCURRENT DESIGN NOW

3

o

FAS LLAN:
Pi HTS

CONCURRENT DESiu:i #HOCESS

DATA AKD KNOWLEDGE
ALGORITHMS
DESIGNER INPUT

TOLERANCES
MATERIALS ——-| FAB SYSTEM DESIGN \
* [

|

ASSEMBLY PLAN}

ECONOMIC
B LANALYSES

FEASIBIUITY |
SEQUENCE

- TESTING
MODEL MIX

ASSEMBLY SYSTEM
DESIGN

/

PRODUCT DESIGNERS HAVE COMPUTER TOOLS FOR AT LEAST PART OF FUNCTIONAL DESIGN
PRODUCTION DESIGNERS HAVE FEW TOOLS

ABILITY TO PREDICT EFFECT OF DESIGN ON PRODUCTICN AND COST IS WEAK

PROBLEM AREAS INCLUDE MATERIALS, TOLERANCES, SPACE ALLOCATION, FAB AND ASSEMBLY
METHODS, TEST AND QC METHODS

©




O &

0

. ' << < © < CONCURRENT DESIGNEMERGING ° - - ©°

©

DESIGN TEAMS FORTIFIED WITH COMPUTER TOOLS FOR PREDICTING
TOLERANCES ’ ,
FAB METHODS, PROCESS PLANNING, AND SYSTEM DESIGNECONOMICS
ASSEMBLY PROCESS PLANNING, SYSTEM DESIGN, AND ECONOMICS
TESTING STRATEGY DESIGN METHODS AND ECONOMICS
CAD SOLID MODELING FOR VISUALIZATION AND AS PART OF THESE TOOLS
EXPERT SYSTEMS WITH "GENERALIZED DATA AND KNOWLEDGE" AS PART OF THESE TOOLS

CONCURRENT DESIGN OF THE FUTURE

COMPUTER HAS THE KNOWLEDGE OF THE TEAM MEMBCZRS

REACTS TO A DESIGNER AND EITHER COMMENTS OR WARNS

PREDICTS EFFECTS ON COST, RELIABILITY, FIELD REPAIR, ETC., AS DESIGNER REQUESTS
MUCH RESEARCH NEEDED TO ACHIEVE THIS-THE REASON FOR THIS WORKSHOP'S PANELS




. ° ° .. * \LOGICOF APPROACH

CONCURRENT DESIGN IS POTENTIALLY VERY COMPLEX

MANY KINDS OF KNOWLEDGE AND DATA MUST BE INTEGRATED

ONLY SOME OF THE DATA IS CONVENTIONAL GEOMETRIC DATA IN THE CAD SENSE
THE RES‘I.’ 1S NON-GEOMETRIC, SOME OF IT STRUCTURED, SOME NOT

SOME CAN BE CAPTURED AS RULES, OR AS ALGORITHMS

FOR OTHER KNOWLEDGE AND DATA, WE DO NOT KNOW HOW TO REPRESENT IT

-~
©

DY

- IMPLEMENTATION STRATEGY

RECOGNIZE SEMI-STRUCTURED NATURE OF PROBLEM

CHOOSE KNOWLEDGE REPRESENTATION METHOD SUITED TO GENERAL DATA
CHOOSE METHOD SUITED TQ INTERFACE WITH CAD DATA

METHOD CHOSEN IS EXPERT SYSTEM SHELL

SUPPORTS OBJECT-ORIENTED REPRESENTATION AND REASONING

ALSO SUPPORTS ACCESS TO OTHER CODE (FOREIGN FUNCT!ONS) TO PERMIT US TO
INTEGRATE EXISTING CSDL ALGORITHMS
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KINDS OF KNOWLEDGE TO BE REPRESENTED

e o < oo ¢ e o °

LOGICAL RELATIONS BETWEEN PARTS IN AN ASSEMBLY

TOPOLOGICAL RELATIONS BETWEEN THOSE PARTS '

INHERITABLE PROPERTIES OF PARTS, SUBASSEMBLIES, ASSEMBLIES, FAB METHODS, ASSEMBLY
METHOOS

FEATURES ON PARTS THAT ARE IMPORTANT FOR VARIOUS REASONS, SUCH AS
FUNCTION, FABRICATION, ASSEMBLY, TEST OR INSPECTION
GEOMETRIC PROPERTIES OF FEATURES AND GEOMETRIC ﬂEi.ATIONS BETWEEN FEATURES
IDENTITY OF SUBASSEMBLIES, PARTS COMMON TO DIFFERENT MODELS
ASSEMBLY STEPS THAT Ah! EASY OR DIFFICULT TO PERFORM

METHODS OF JUDGING WHICH ASSEMBLY TECHNIQUES ARE SUITABLE TO WHICH KINDS OF PARTS
OR FEATURES

ALGORITHMS FOR DESIGNING FAB OR ASSEMBLY SYSTEMS

ALGORITHMS FOR ENUMERATING AND JUDGING ASSEMBLY SEQUENCES §
' ]
ALGORITHMS FOR DESIGNING TESTING STRATEGIES (&

RESEARCH CHALLENGES

OBJECT-ORIENTED DATA BASE METHOD IS GENERAL BUT SEARCH IS SLOW
FORWARD/BACKWARD CHAINING TOO UNSTRUCTURED
DESIGN OF DATA/KNOWLEDGE BASE IS CRUCIAL

HELPING DESIGNER SORT OUT CONFLICTS AND FIND CAUSES FOR THE EFFECTS
WILL BE IMPORTANT BUT DIFFICULT

FORCING DESIGNER TO THINK IN TERMS OF FEATURES AS CARRIERS OF DESIGN INTENT
REQUIRES CHANGE IN DESIGN METHODS AND HABITS

MULTIPLE "YAYS OF REPRESENTING THE CESIGN WILL BE NEEDED: GEOMETRY, TOPCLOGY,
POWER FLOWS, VARIANT DESIGN, FAB AND ASSEMBLY FLOWS...
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SOFTWARE ARCHTTEO'i’URE OBJECTIVES AND ELEMENTS

OBJECTIVES: .

ARCHITECTURE DESIGN
IMPLEMENTATION
DEMONSTRATION

ARCHITECTURE ELEMENTS:

DATA BASES-GENERIC AND SPECIFIC
ALGORITHMS
DISPLAYS

OPERATOR INTERFACE

©

PLAN OF ACTION

’ 1. IDENTIFY ALTERNATE DATA BASE/KNOWLEDGE BASE MECHANIZATIONS
IDENTIFY EXISTING COMMERCIAL SOFTWARE SHELLS FOR THIS PURPOSE~MUST BE
EXTENDABLE AND CAPABLE OF INTERFACING TO SOLID MODELERS AND FOREIGN FUNCTION
PHOGRAMS '
_. 2. SURVEY LITERATURE FOR EXISTING IMPLEMENTATIONS THAT CAN BE BUILT UPON

CONTACT VENDORS, MIT, OTHER DRAPER DEPARTMENTS
‘ 3. IDENTIFY HARDWARE THAT SUPPORTS THE MOST PROMISING SOFTWARE

. 4. PURCHASE HARDWARE AND SOFTWARE )
S. INTEGRATE COMMERCIAL SOFTWARE AND ESTABLISH INTER-PROGRAM COMMUNICATION
O 8. COMPOSE TRIAL DATA/KNOWLEDGE BASES FOR ASSEMBLY KNOWLEDGE

7. TRANSFER EXISTING DRAPER ALGORITHMS ON ASSEMBLY SEQUENCES AND ASSEMLLY
SYSTEM DESIGN TO THIS SYSTEM

@ 5. IDENTIFY RESEARCH ISSUES AND OPTIONS FOR EXTENDING THE SYSTEM'S CAFARILITY
9. TEST THE SYSTEM AGAINST THE ONGOING SEEKER HEAD PROJECTS
. @ -oone (® = PROGRESS
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. FRAGMENT OF PRODUCT DATA BASE GENERATING
AND SOME RELEVANT DESIGN TOOLS ALGORITH!S:
CONVENTIONAL : . ‘ , szo a1
CAD 5‘( S S o © .o . . SEQ #2
PART |
MATES TO PARTS ... [ASSEMBLY
: SEQUENCE #
VIA SURFACES......
'PART Kk
WITH TOLERANCES.... PART |
PART q
JIGGED TO JIGS ... .
VIA JIG SURFACES ..... X
PRODUGT 1 WITH TOLERANCES.. 7
FUNCTION .
SIMULATION 1. PART OF SUDASSEMBLY | ‘
[ TOLERANCE
ANALYSIS
Yo FOR MATING PART |
o LIST OF PARTS
FAULT TREE EQUIPMENT SELECTION-
WHEN PARTLY |. TASK ASSIGNMENT ALREADY MATED
ASSEMBLED: AND THEIR SHAPES
ES:LLiSTTmimM- ) COST AND THROUGHPUT .
RESULTS FOR EACH ¢
ASSEMBLY SEQUENCE . E’

EXAMPLE DATA/KNOWLEDGE BASES

DESCRIPTIONS OF SINGLE PARTS WITH LiSTS OF SURFACES THAT
MATE TO OTHER PARTS AND TOLERANCES FOR SAME

A GRAPH OF THE MATES BETWEEN PARTS, WiTH TYPE INFORMATION
LIKE "PRESS FIT" OR "19-32 THREADS"

TRANSFORMATION MATRICES THAT RELATE PART COORDINATES
TO PRODUCT BASE COORDINATES

SIMILAR MATRICES THAT INDICATE DIRECTION OF ASSEMBLY
SIMILAR MATRICES IN DIFFERENTIAL FORM TO HOLD TOLERANCE DATA
A LIST OF POTENTIAL GRIP AND JIG SURFACES FGR EACH PART

A LIST OF POTENTIAL ASSEMBLY EQUIPMENT

A CROSS-REFERENCED LIST OF WHAT EOU!PMENTI IS APPLICABLE
TO WHICH ASSEMBLY TASKS

A LIST OF FEASIBLE ASSEMBLY SECUENCES FOR THE PRODUCT

RULES AND LOGICAL/NUMERICAL PROCEDURES FOR FINDING
ASSEMBLY SEQUENCES

3D GEOMETRIC MODELS OF THE PARTS

©

FAULT TREES FOR THE PRODUCT WHEM PARTIALLY ASSEMBLED
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" EXAMPLE DA

ce

TA/KNOWLEDGE BASES

©
Q)

onau

FEASIBLE

ASSEMBLY

SEQUENCES
LIAMSON 3

PART C
BASE

LIAISON
DIAGRAM

PART &
BASE

o

<247 007 S,

DALV NN

> LIAISON 3
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" OFTWARE ARCHITECTURE

MUST SUPPCRT THE FOLLOWING CAPABILITIES

DESIGN

REASONING

ANALYSIS

MUST ALLOW COMMUNICATION BETWEEN MODULES

FEATURES REPRESENT THE PRIMARY DATA

©

onas



» ANALYSIS

BLACK BOXES




IDEAS

.- COMMUNICATION

e, o
s, oo

©

ANALYSIS

KEE.
UNIX UTILITIES FOREIGN FUNCTION CALLS -
TN
\\»
\
{©)]
CAPABILITIES .
DESIGN SDRC IDEAS SOLIDS
ASSEMBLY
FEATURES
BEASONING KEE INFERENCE ENGINE
CUSTOMIZED KNOWLEDGE BASES
ANALYSIS LSA f}
8
- ASDP
FABRICATIOIN
PART MATING
ASSEMBLY PLANNING
KINEMATICS
TOLERANCE



FEATURES COMPRISE THE LANGUAGE OF RULES

IF THE HOLE IS TOO CLOSE TO THE EDGE , THEN MOVE THE HOLE

GEOMETRIC REPRESENTATION OF HOLE (FORM FEATURE) MAY BE

CYLINDER (SCLID)

CIRCLE (WIREFRAME)

GEOMETRY BASED DISTANCE FUNCTION NEEDED TO DETERMINE TOO CLOSE'
(BLACK BOX APPROACH MAY PREVENT ACCESS OF MODELER DISTANCE FUNCTION)

GEOMETRY ONLY IMPLICITLY REFERENCED FOR FORM FEATURES

GEOMETRY MAY BE IRRELEVANT FOR OTHER FEATURES

romd
(©)

©

FEATURE DATA STRUCTURE

/ topologicai-feature \
generic-feature , hole-featur@ ——————- hole.1
Y /

parametric-feature




. , = e : FEATURES INTO DATA BASE/KNOWLEDGE BASI

° e ¢ © o -
© B “ E

CONSTRUCT WITH FEATURES
IDENTIFY FEATURES (REQUIRES USER INTERVENTION)

RECOGNIZE FEATURES AUTOMATICALLY

rond
©

CONSTRUCT WITH FEATURES

+ CONSISTENCY OF CEOMETRY WITH PARMETERS

GEOMETRY DERIVED DIRECTLY FROM PARAMETERS

- MODEL UNSTABLE

INTERNAL GEOMETRY DATA BASE POINTERS CHANGE WITH EDITS

©




IDENTIFY FEATURES

° o
<] e < ° o

" MODEL ASSUMED COMPLETE

'INTERNAL GEOMETRY DATA BASE POINTERS FIXED

POTENTIAL INCONSISTENCY OF PARAMETERS WITH GEOMETRY

RELIES UPON USER INPUT OF PARAMETERS

romnd
©

RECOGNIZE FEATURES AUTCMATICALLY

‘PARAMETERS CONSISTENT WITH GEOMETRY

PARMATERS DERIVED DIRECTLY FROM GEOMETRY

MANY NARROW DOMAIN SPECIFC EXPERT SYSTEMS

©




o

KNOWLEDGE BASE ONLY GUARANTEED IN SYNCHRONIZATION UPON INITIAL READ/WRITE

KNOWLEDGE BASE MUST KNOW WHEN MODEL CHANGES

INCREMENTAL/DECREMENTAL UPDATE SEEMS IMPOSSIBLE WiTHOUT UNIQUE EXTERNAL
GEOMETRY IDENTIFIERS

TWO ALGORITHMS TO BE INTEGRATED WITH KNOWLEDGE 3ASES

EQUIPMENT SELECTION AND TASK ASSIGNMENT FOR DESIGN OF FABRICATION OR
ASSEMBLY SYSTEMS

LIAISON SEQUENCE ANALYSIS FOR DETERMINING FEASIBLE ASSEMBLY
SEQUENCES AND CHOOSING A GOOD ONE

©




o,

° EQUIPMENT SELECTION AND TASK ASSIGNMENT ‘

TWO FAMILIES OF ALGORITHMS, ONE OPTIMAL, ONE HEURISTIC ‘

EACH ONE SOLVES THE FOLLOWING PROBLEM

GIVEN
AN ASSEMBLY SEQUENCE

POSSIBLE WAYS OF DOING EACH ASSEMBLY TASK~
THE TIME AND COST OF EACH WAY

A LIST OF NECESSARY TOOLS FOR EACH TASK FOR EACH WAY
COST OF TOOLS AND TIME TO CHANGE TOOLS '

TIME TO MOVE WORK INTO OR OUT OF THE WORKSTATIONS
THE REQUIRED PRODUCTION VOLUME

FIND THE BEST WAY OF DOING EACH TASK

romno
©

ROBOT, PERSON, ETC.
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LIAISON SEQUENCE ANALYSIS PRIMER

LIAISON SEQUENCE ANALYSIS IS A SYSTEMATIC WAY Td GENERATE
ALL THE FEASIBLE ASSEMBLY SEQUENCES FOR A PRODUCT

THE PROCEDURE IS:
1. IDENTIFY LIAISONS BETWEEN PARTS

2. ANSWER A SERIES OF QUESTIONS
3. WRITE PRECEDENCE RELATIONS FROM THE ANSWERS
4. USE THE RELATIONS TO GENERATE A NETWORK OF FEASIBLE SEQUENCES

5. EDIT THE RESULTING NETWORK TO OBTAIN A FEW GOOD SEQUENCES
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CIAISON SEQUENCE ANALYSIS PRIMER-2 = °

LIAISONS ARE RELATIONS BETWEEN PARTS
TOUCH, PRESS FIT, THREAD FIT, ETC.
LIAISON DIAGRAMS SHOW CONNECTIONS BETWEEN PARTS
LIAISON SEQUENCES ARE SIMILAR TO ASSEMBLY SEQUENCES
DIFFER'ENCES ARE:
A I.IAISdN SEQUENCE LISTS THE MATES IN SEQUENCE ‘
AN ASSEMBLY SEQUENCE LIS1"S THE PARTS IN SEQUENCE

IN LIASON SEQ ANALYSIS THERE IS NO "FIRST PART,” BUT
INSTEAD THERE IS A FIRST LIAISON

'LJAISON SEQUENCE ANALYSIS PRIMER-3

LIAISON SEQUENCE NETWORK PRECEDENCE RELATION

3>7&9

LIAISON 3 LIAISON 11
DONE DONE

(EVENTUALLY)
ALL LIAISONS . %
DONE




Piguze 20. A graph of complate sssembly sequences (a total of 152¢)

genersted from a )iaison diagrsm (Pigure 18) and PR (Figuce 19).

Ffigure 24. The design of the display of the developing software

system,




GENERAL DYNAMICS - POMONA DIVISION
AND

MARTIN MARIETTA MISSILE SYSTEMS CO.

SUPPORT TO THE DARPA-CSDL PRCGRAM
EXPERT SYSTEMS FOR MANUFACTURING
OF SMART WEAPONS COMPONENTS




UNCLASSIFIED

A10ST1 8118 014

EROSPACE VEHI KE

« PROVIDES STABLE PLATFORM FOR GUIDANCE SENSOR

- COMPLEX ELECTRO-MECHANICAL DEVICE : “SYSTEM BRAIN®

- TOLERANCES ARE CRITICAL TO FUNCTIONAL NEEDS OF DESIGN
 SYSTEM TESTING IS BOTH FUNCTIONAL AND DYNAMIC

- PRODUCT COST, QUALITY; RELIABILITY, PERFORMANCE ARE

COMPLEX INTERRELATED PARAMETERS

+ NEEDS OF FUTURE WEAPON SYSTEM DRIVE THE SEEKER TO

BOUNDARIES OF THE ACHIEVABLE




GIMBAL

PLATFORM BASE

/

RF/IR DUAL MODE COMMON APERTURE SEEKER @\

o— e sy

N

IMAGE ARRAY ANTENNA

MMIC MODULE

et

IR SENSOR

L]
T \\ROLLING ARC GIMBAL

D

AAAM VG -1

GENERAL
P

BYNAMICS
Tritien

UNCLASSIFIED
PM  11/08/88




" DARPA EXPERT SYSTEMS
" for MANUFACTURING of SMART
WEAPONS COMPONENTS

e ey —— — —— — — S — — G —— — —— f— — — —— —— —— — — — — — t—

. A CSDL/MARTIN MARIETTA
SAL/IR SEEKER

CONCURRENT ENGINEERING
EFFORT -

> > S




Q. SIGNIFICANTLY REDUCE THE LIFE CYCLE cosT
OF SMART WEAPON(SEEKER) SYSTEMS

& IMPLEMENT CD/CE METHODOLOGIES & TOOLS ON
AN ADVANCED(SAL/ IR) SEEKER SYSTEM

& VRANSITION THESE CD/ CE METHODOLOGIES &
TOOLS TO MARTIN MARIETTA MISSILE
SYSTEMS PROGRAMS

PROGRAM STATUS
A ACCOMPLISHMENTS(AUG-DEC 1988)
QO CsDL HAS RECEIVED/REVIEWED OTHER SEEKER
(HELLFIRE/H] LOC'N TC INITIATE DATABASE

O CSDL HAS TOURED HELLFIRE & UH SEEKER
ASSEMBLY & TEST LINES

QO cSDL HAS RECEIVED PRELIM SAL/IR SEEKER DESIGN
INF. % PERTINENT COMPANY ECONCMIC LUATA
DEWAR/UVETECTOR SUBASS'Y REQ'TS
GIMBAL SUBASS'Y REQ'TS
oPTICS AEQ'TS

A FUTURE PLANS(JAN 1989- )

QO MAATIN MARIETTA WILL €STAbLITH 4 TEAM T, WoRK
WITH 1SDL & INCEPENUENTLY T2 IMPLEMENT L/ .E
N OFAL/IR & TTHER SEEKER PR.RAMS THH! . MPANY

SF NS .RED & IRAL PROGRAMS s

O



MARTIN MARIETTA MISSILE SYSTEMS
PRODUCTION OPERATIONS/
TECHNOLOGY & SYSTEMS ENGINEERING(TSE)

A THE COMMUNICATION - /A CONCURRENT DESIGN

TRIANGLE  /\ AT PROGRAM OUTSET,COWBINE

Wg?@'r THE RIGHT PEOPLE WITH THE
EXCELLENCE RIGHT TOOLS TO DEVELOP
PROBLEM RECOG ‘N - '
OPTIMUM COST & PRODUCIBLE
PERFORMANCE CONCURRENT
»eﬁuams DESIGN DES1GH WHILE AVOIDING
cAMS
PR PROBLEM PRODUCTION PROBLEMS

SAUTTON AVOIDANCE
. DOWNSTREAM.

(4.1

FOUNDATION -~ ESSENTIAL ELEMENTS for
IMPLEMENTING TGM

" TaM |

L —
ol \ WILLOUGHBY TEMPLATES :
» ¢ \ )
. DEMING .
) OICE [ ' %Oo
; s, TAGUCHI 4;(
& \, POS GOLD oo@ :
s J ", CERTIFIED VENDOR qf
J L4 P Y
és PMT ', POST %
& K ' ) ‘q‘ SPC . ;8\
< s % APECS ' : )
’ ', CSDL TOOLS
cTE s s, COMPLIANCE ISSUES
s  PRODUCIBILITY ASSESS'T
. . », IRAD/CRAD in FROD'N TECHNOLOGY
"""""" SUBCONTRACTOR/ SUPPLIER SELECTION,

MARTIN MARIETTA
MISSILE SYSTEMS COMMITMENT

INTERFACE, CONTROL & PERFORMANCE
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Made Optics Motherboard
SAL Controller and
Dusl Mode Sandwich Detector Signal Processor
UNCLASSIFIED
COPPERKEAD ENGAGEMENT ENVELOPE
2
' . l-———nfumtc-———-b—g;'&'o"-’l"ggw e

CROSS o \ -
JANGE (km)

o X OPTHAUM TARGET LOCATION

a i 1 UNGUIDED "PACT POINT

.-

COPPERMEAD TRAJMCTORIES
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135

' NASA-JSC SPACE STATION PROGRAM

By




°° ..« < (D WPA PARTITIONING OF PROGRAM CAUSES LIMITED CE "TEAMS® :

o

LEVEL |

LEVEL Il

. .Lemm .

L [ ]

‘@ CE "TOOLS" - SEMI-INTEGRATED

T™IS E-MAIL - NASA (TELE)MAIL, ALL-IN-ONE
LEVEL DOC LIB - INTERLEAF
LI DATABASES - ORACLE
‘ DWG LIB - BIT IMAGE
CAD/CAE - ?
oxC

DSS e E-MAIL - ALL-IN-ONE (MODIFIED)
JSC (MDAC) DOC LIB - INTERLEAF
DATABASES - ORACLE
CWG LIB - BIT IMAGE
CAD/CAE - UNIGRAPHICS/IDEAS 2

2 ¢
——ClOSC ~e—— E-MAIL - ALL-IN-ONE (MODIFIED)
MDAC DOC LIB - INTERLEAF

DATABASES - ORACLE, OMNIBASE
CAD/CAE - UNIGRAPHICS/IDEAS 2
DKC




(@ IMPRESSIONS

A

c

°

M SOLD (OR BRAINWASHED)
BUT, '

« HOW DO | SELL JSC

M SOLD (PUT CONFUSED)
HOW IS RESEARCH :

+ DELEGATED

* COORDINATED
« INTEGRATED

¢ EVALUATED

+ COMMUNICATED
» DOCUMENTED

PROPOSAL
* FUND CE MANAGEMENT STUDY

» DEVELOP U.S. IMPLEMENTATION PLAN
* USE CE TO DEVELOP CE

CAD DATABASE

CAD CAD

o

“ ~



INDUSTRIAL PROGRAMS

£,




. BOEING AERGSPACE CORPORATION BSD

“DEVELOPMENTAL GPERATIONS (DO)" PROGRAM

¥
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Why Do We Need to Change The. Process?
Ballistic Systems Division r

edi. . . over past 25 or so rears, a system of
procedu:es to ensure consistency in design, change
control, manufacturing, procurement, quality, etc.

o [Formatandidosous. .. procedures, directives,
specifications, etc . . . audit findings and problems
increase complexity . . . interpretation more severe with
every passing year

o [EliEAvCIACY:adend. - . more procedures, more groups to
administer, more "nmprovements" by respective functions. . .
overhead and DD charges grew as did number and degree
of crosschecks . . . efficiencies suffered resulting in new
business losses : A :

SHOGKInGRORmatked. . . strong competition—fewer new
roduction starts . . . need for bottom-line performance on
&D contracts and, most recently, DOD emphasis on quality

Our Strategies Were Simple
Ballistic Systems Division.

¢ Development of low tech, easy to maintain wheeled
vehicle suitable for desert or Northern Tier
operation . . . use of commercial parts wherever
possible . . . user friendly :

® A bid strategy andexecutiop:processiyielding cost
and schedule reductlons at least 1/3 less than

traditionally achieved

® Develop and use of anints




o | ) v
° oC it 6 o L% g - . 0 €t o kberc O S o GRS e o o e N T 2o
Developmental Operations T(DQ) - 8 New More Flexible/ 3
o Responsive "Design-Build-Test"” Process for Development :
.  Ballistic Systemns Division A 2
S ' 1985 ] 1986 | 1987 | 1988 |. :
Font Dopth . URC H
[ Ludiow sudios sssesemen
860 FSD beses ) 2
/ Strategy Development
BACDO  BACDO
BAC discomse  implementation Concent pTPaa, Sumt e,
- i il -
“. / - DO definition -/
deiopmem 8000 800 8S0DOckuce .
provement  concept istive Serd MMLCF =
study ‘ A, WCS RGBTASS AnMos ¥  EMP  REACT :
8SD FSDwins vy Y v v .V v/ 3
/ DO Implementation / .
A ) A 7 H
DOpit  Orient 8BS0 progress H
POOAR  wOMde 1O peryyger BSD  Compiets °
gy A el
. 00 Wansfer
BAC amsipm
% Other programs using DO tak o 85D & -7
O?BMN clﬂAlgtgemmLss
. ° .
eSpace Station eShuttle carrier , *Deferred to Fall 1989
SSRAM B ¢ Advanced projecis
NBS27T18-GNION2NER4

Process Management Examination of Total

i
- Full Scale Development Process: .
Ballistic Systems DiViSiO s ‘ z
Milestone I ‘ Kilestone N 3
W s/ Wy ) W P
. ! » 2 s 3
I d.ﬂ MNOII é/// )) / //// 1, 1// :
oKe ' feat ‘BSD DO Initiatives
0cess features . £ o
" S e er e .
o Uines of communication 5‘&“&:’&?& §-!L.°'}‘:'..‘ :::" '
: o DO it va LTS : tecords )
© Drawing Tees refet . sesrhy -
* Procsss ﬂ.!lblllly .%ﬁ”’m” < .mﬁr :‘-
. itled .
‘ ' I\ b kgl o Contst syvare eecisony s
o Conasnsus munagement + 2O AUPC e POTH g ,mm L <
- :m ' T recqiremects \ * “2o bulkl" drwi.ge :
" e Quafity Improvemeat ] : 1 :Wn lid .
: - I . .onm
* Deferred tasks o e sy Be0s -
i Production 1 2 BiecTsion ot sy
L "'———>  transillon bt lindog Rl
planning § ueog bt
process TR : H




DO "Systems Engineerlng" and "Test" Process

Management Efiort Underway -
Balfistic Systems Divisions

llestone U o ,
eviions //7
Jengineering //// 7

10/19/87 1118707 241988 4/1/38
A J A 2 .‘_'

® Highlighte
® (6) sub teams/(7) issues
© (346) barriers and concorns
© (30) lnnlatim established with (8) being pﬂobd

Product Development Teams. . .
"Multi-Disciplinal Team Emphasis Throughout
' Requirements/Design/Build/Test Process"”

Ballistic Systems Division.

o What is a PDT?

oTeam of functional representatives
who have as their common purpose
the concurrent development of a
Quality _ given product from Inception through
product delivery and support

® Key features
e Hardware element ownership
* Responsibility and authority
* AUPC cost goals

¢ Key decisions, conflict resolution,
guidance. . . C.E. or product
development manager or council

eTeam tralning
eMember behavior
sTeam qualities
- *Consensus and group proeess
s Braiastorming and creativity, etc.




o Evalrate and o Devalop and commit schedules
Allocals and manage avarage unit .Do elo'ggestpm
° . , ¢ Dev
mm oost o Monitoe SW Tabrication support
° W designs . mtﬂn €0 and delivery
¢ Develop requirements package R
Companson PDTs to DBTs
"Beware—They're Not The Same"
Ballistic Systems Division.

Product Development Teams (PDTs) Design/Build Teams (DBTs) g
eChartered and engaged befors RFPowmmeDNA .
¢ Review and suggest improvements to.....X....Review and suggest lnprovements to =

¢ Product requirements. DNA

¢ Design constraints DNA

% Design solutions X Design solutions

Oa':\-l'tgl/buy ldetelrmlmmcm. buy and , Buy arid bulld planai

ilding planning o and bu pannn
e Davelop product, system and O ¢ only
weapon system test plans ... DNA

oPlan and commit pruduct schedulss DNA

®Plan and control charges... DNA

®Establish quality requirements DNA

o Maintain activs program status and

* action logs - DNA

O?p‘e”mo' in w&cm other PDTs %o Single sk e

0 develop 10 purpose team (develop

saﬂsfy short range obhcﬂves. and
discontinue eﬁoﬂ

OTargeted cost goals—program :

Iife cycle A-...Targeted cost goats—designbuiikt only
eProduct configuration and defivery :

responsibility DNA
®Program status reporting DNA
% Similar DNA—Does Not Apply

N 8242-B30/AS- 101 998 A2



n DOD Acquisition Policy Changes Being Studled
} Ballistic Systems vaisibr L — -

® President's Blue Ribbon Commission on Defense Managément
notes, “weapon sysiems take too long to develop, cost too much
to produce, and often do not perform as promised or expected™

® OSD perceptions
e “higher quality. can result In lower cost and shortened

schedules ...

e “concurrent development and qualification permits

o ARSI dnclircenisndineating g
pro

multifunctional trades to be made in a timely manner
in pursuit of optimum balance of capability, cost, and schedule”

- A systematic approach lo create
elements of the product lite '

juct designs that consider all

cycle . . . “simultaneously” defining product requirements, the
product, its manufacturing process, and required life cycle
- processes

NI 277TNB1-MC 10N IR

Resuits Are In And Are Truly Amazing!

Bailistic Systems Division
g
o e :

o All major hardware-related events on or ahead of
schedule . . . om factory BOD July 15, 1987 to last
hardware ‘em ondock October 10, 1988 _

¢ (37) major OSE, MHE and test aids designed, developed
and delivered using "real time" schedules averaging
1/3 less flow time than "standard” :

e No. 1 launcher less than 10 months to assembls,
test and integrate . . . jig 1oad December 8, 1987 to
September 30, 1988 roiiout

® Overall use of "qufck acquisition process” resulted n 70%

of ali parts and materials in stores within 5 days of request
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Results Are In And Are Truly Amazing!
. T ~ {Continued) ‘
-Ballistic Systems Division. A , .

wie DO V) 10 4 wews |

N oA

¢ 16% cum underrun in contract—recurring hardware costs
(with 30% proposal reductions—46% over "traditional”)

® Unit two hardware 20% less than first unit actuals
\ ' (at termination)

¢

¢ Equivalent reductions in division DD, OH and wrap rates

(using DO process and pool 59 disclosure) . . . improved
division efficiencies for follow-on efforts

BOeZT 404V IE°E

* 33% savings In engineering "production support” labor

NOB7 45181 -MC- 101 SR

Reéults Are In And Are Truly Amazing?
(Continued)
Ballistic Systems Division

i ¥9 & uOug

NiB BOYE

o pnceyedidtigiivatiainos
® Employed team

N® 8748

bullding/consensus management techniques
¢ Encouraged customer understanding, support and participation

¢ Used simplified, flexible, responsive processes to execute -
all "design-build-test” activities

¢ Recognized and|foided in major subcontractors as "critical

to the frocess" . . encouraged participation and rewarded
execution and ownership

SOIT1 e081°98°1

¢ Stamped out functional barriers/advocacy and acknowledged
" team performance

NBR745N1-MC-10M1898R1




c lzesulff 'Are In ,(%rggmﬁl;%)m{ly Amazfng! N
Ballistic Systems Divisior : : .

S

¢ Errcr-free 2ngineering Initiatives excellent . . . yielded
1.04 redline changes per drawing sheet (Peacekeeper
average 15.3) - .

¢ Hundreds of net-sized parts with full-size Class |
holes . . . nearly error-free

® Cost of quality reduced 60% (80% in factory) while
maintaining excellent quality standards—99%
defect-free performance -

e De-emphasize policing . . . focus on quality as a tangible,
. observable product (plan-in and build-in) . . . elimination of
paper barriers and complicated procedures

e Team ownership of requirements, products, and delivery
efforts . . . zero AFCMD forms 921 and 1127

o Customer quality "health” indicators highest ever realized
(September 1988—4.8)

NOST4THI MC-10n1SSIRT

Summary
Ballistic Systems Division,

ND 0747

. & Process is ongoing ... now niigrating selectively
throughout Boeing Aerospace

e Each division (program) must determine its own
needs . .. cultural transformation necessary .. . how
to meet unique customer desires/needs

e Our DOD customer understands and is considering
acquisition policy changes

e Resistance to change can be very strong and takes a

great deal of posturing, time and attention (to beat out
old habits)

¢ Real challenge is transforming functionai players into

- program “team” players . .. supported by top-down
management willingness to change, permissiveness,-
flexibility, and acceptance of risk

e Process of "changs” is very difficult but can be highly
rewarding . . . don’t wait to be mandated—get actively
involved . . . you owe it to yourself

NB $72ANB1-MC 1 0r1238R1
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SYSTEH PACKACING

MISSION
*  PROVIDE MECHANICAL DESIGN TO HOUSE THE ELECTRONICS
PROVIDE SIGNAL AND POWER CABLE TECHMOLOGY AND DESIGN
~
ASSURE PRODUCT SAFETY

PROVIDE PRODUCT INSTALLATION DOCUMENTS

| ASSUREiAVAILABILITY AND PROPER USE OF STANDARDS

085601304

BJILD EARLY MODELS

~ | | |
PROVIDE D%%IGN DOCUMENTS TG MANUFACTURIMG

KD DURFEE-12/88
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TOTAL CONCEPT FACILITY (TCF)
OBJECTIVE:

JOINT PRODUCT AND PROCESS DEVELOPMENT FROM DESIGN THROUGH RELEASE
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MECHANTCAL DESIGN FLOW- -

3D SOLID | 2D DESIGN CABLE DESIGN
MODEL ING & DRAFTING . /AND ROUTING

- . - an - - - s - s - — - - - -

PACKAGING DESIGN

SOFTCOPY | DATABASE

RELEASE , ﬂ\ l
MANUFACTURING BILL OF CORPORATE
(POK/MOP/YASU) | - MATERTAL RECORD
. GENERATION—— SYSTEM
® Pre-Analysis|  |-==—=-=---| = |==Zo==---
® Release - CADI DPRS

SOLTD MODELING
KD DURFEE-12/88

SUPPORT DETAIL AND ASSEMBLY"DESIGN
PRODUCE DATA FOR MANUFACTURING SYSTEMS

SUPPORT CONCEPTUAL DESIGN

SUPPCRT RELEASE

*
.
L]
L]




;m%%éc’aocc <
;

*.¢ o \
70K109580

89/21-333010 OX

S001 SISATVNY ONV RO1S30 OF (IACHAHT ONY

NIMIINIONG INGHONOO. HI0B 40 IWSHE 3HI ST INIMUAQMAAT ¢

oL Ny B SHYOH AESSY.
o I 0l SINVH) SNIMENIONG
A ey 0 SV 1iNd 30INY
WIDI0E  *IG0ua VO
N ATV MOLLIC
16N W10l
KU DL/ WOOH SUSS T
LLI05VT IO B SLTDPEY AT
10U 16201607 }02110900) 0 °F 0)
STIH LTI 15M9 Wil

P ] —— el — et s S e S

r0X109380

88/ L —-33469MAa a>

‘

SISATIVNY ALlLINIGV.S

S SISATIVNY 3ONVYHITI0OL

SISATIVNY 1sS0D ATIT8NWISSY
SISATIVNY STIVIYW3IILIVYAN 40 T1Ig

SISATIVNY NOIS3EA VvVIXMISNANI

SISATIVNY MX3INILSVYA

SISATIVNY 3INDHOL

SISATOYNY TOVNSIA

SISATIVNMV JONIMN3ILdHZ[ INI

STO0L ONIITFTOW Jd1 7105




P & W GMAP PROGRAM




| weibouad 29eji2lu]
. m:o_uma__nn<

1 Buyjepoil
[ ~ opewosy.




GMAP

e Sponsored by USAF |
‘Manufacturing Technology Directorate

e Prait & Whitney prime

e GMAP contract duration
Aug 85— Aug 88— Jul 89
L—ongmal - L—-extc-:'n |on—J

GMAP TERMINOLOGY:

Product Definition Data (POD):
information which completely defines a product component or assembly to the
extent that the product:
— design intent is fully represented
— can be analyzed
— can be manufactured and inspected
— can be supported after manufacture

Product life cycle:

" The functional areas that span initial product concept to retirement. This inciudes
design, analysis, manufacturing, inspection, product and logistic support.

L8081
o2 m




A VISION FOR PDD IN THE 1990s S

o Replace all conventional drawings

o Used to communicate product definition to
engineering, manufacturing, customers,
suppliers, partners, FAA, etc.

o Foundation for concurrent engineering
methods

o Enable further automation of applications over
the product life cycle

e Application to ATF airframe and engines

COMPUTFRIZED PDD - TODAY

o Database is incomplete and redundant
. Communication difficult and limited
o Few life cycle applications

o Technical and management issues need
attention .




PROGRAM OBJECTIVE.

o Establish product definition data transfer
over the life cycle of complex components

CPIIT4-12
AS220%

NEAR-TERM DIRECTION FOR
PDD TECHNOLOGY




LIFE CYGLE OF PRODUCT
DEFINITION STANDARDS

Development
R&D
Proof-of-concept
Demonstration : .
bevelopersuse  SpPecification .
industry understanding

Further refl t ,
T oo National standard
Commercial commitment

Government contract

.t
~ Some commaerclalization

reAquiremenft t
'GMAP STUDY PARTS




° :GROWING INDUSTRY COMMITMENT TO AR
FORCE SPONSORED INITIATIVES :

JN3008
) Mt m
o | Task 1 | | l l
Understand } Tasks 2 and 3 | Task 4 } Task 5 ;
o the problem | Establish designs : Build | Demonstrate |
| I l
Walk-through N | l
- | l )
s Angiyze | Applications 7 i
‘ needs | Intertace system ; | |
sute-ot- | Logistics | Deveiop | - GMaP 'l
the-art | Interface (!BIS, RFC) | system | demo
~ 1 | | system |
Geometric | PDD interface | 1 |
modeiet | anhancements I ! !
requirements | T —— i
: | | i
| ~ — % 4
8/1/85 1985-1986 1987 .. 1988 7/31/88
[eENs



ethodolog

+———— Walk-through —————=

MANAROE
ENOINE
PRODUCT

» Engine Program Office
» Project Engineering

DESION
ENGINE

PRODUCT

ajinsry Design

o Asrodynaaic Design

» Durability Design

o Structural Technclogy
o Mechanical Design

. wratting

® Pre

MANLFACTURE

ENCINE
PRODUCT

Process Planning
Inspection Planning
Tool Destign

NC Prograaaing
Inspection Prograaning
Manutfacturing
Inspection
Assanbly

L] WC Suppare
® Logistics Support

[ provice
FOR

PRODUCT

SUPPORY I

T er et Bol A e N TRy 3 ST
- WALK-THROUGH FLOW
I —
Product IDEFq IDEF 4
life function information
cyc!e IDEF .model IDEF 1 model
methodolog



—— analysis

FUNCTION ANALYSIS

e Resulted in function model roadmap consistig

— 319 activities
— Representing 102 functions
- 50 functions selected for information analysis

e Prati & Whitney functions within:
— Design and analysis ‘ oo .
— Manufacturing and inspection : . '
— Product support

e Supplier functions within:
— Manufacturing and inspection

o Logistics functicns within:
— Replacement manufacturing, refurbishment, inspection 3

MAJOR FUNCTIONAL AREAS

Design and analysis
e Preliminary engineering design

o Detailed blade and disk design

 Final blade and disk design anc

o Detailed engineering specificatiof]

BEST AVAILABLE COPY
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MANUFACTURING AND
INSPECTION FUNCTIONAL AREAS

Manufacturing |
¢ Casting process planning
¢ N/C programming — molds and dies
e Categorize and review parts and processes
¢ General process planning
¢ Tool design
e N/C programmmg disk machmmg
¢ N/C programming — laser hole drilling
Inspection L=l
e Quality requirements engineering AN
¢ Programming automated inspection devices

'PRODUCT SUPPORT/LOGISTICS

SUPPORT FUNCTIONAL AREAS

Product support p
e Provide technical support G

Logistics support
¢ Product maintenance
* |BIS (Integrated Blade Inspection System)
» RFC (Retirement for Cause)
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Ne ds Ne ds Ne ds Ne ds Ne ds Ne ds

'

Reg’'mnts Req’ mnts Req’ mms Req’ mnts Req’ mnts Req’ mnts

R T

QMAP[PDDI INTERFACE ARCHITECTURE
IBM

Em-on<nfy
xXp<

TURN-KEY SYSTEM




GMAP DEMONSTRATION SITES

Rochester, N.Y.

Troy, N.Y.
Worcester, MA

Rockford, IL ®

[
St. Louis, MO ®  Milford, OH

San Antgnlo, TX W. Palm Beach, FL

39080
W21 m

GMAP DEMONSTRATIONS

Blade ¢ Parametric ¢ Casting tooling * |BIS
blade
design

Disk ¢ Disk ¢ PROCAP * RFC
design e+ Featurs basasd N/IC .

& CMM programming
Disk forging

Other

Case boss inspection
PDDI parts

SRUNBAININ

roduct and loglstics

SUK\
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- SPECIFIC CONTRACTUAL

DEMONSTRATIONS

¢ Exchange Format

e Access software
o Supplier base integration
e GMAP using PDDI part classes
e GMAP—IBIS interface
* GMAP—RFC interface
TECHNICAL ISSUES IN PRODUCT
| DATA TRANSFER
Implementation Vatiety
Full Product Description "";f.:'.‘;"“ Technologies
Full Product Modeller Dual Environment
. POD Applications Dynamic Standards for Evolving
Configuration Control Environment !mmm
PDD Communicetions | T;gg‘:;:igy
e
Database Security Heterogeneous Com.
nuting Enviconment
Integrated Data Representation Variety
Appma‘:h Unadaptable Systems
Classified Data Fult Lite Cycle Coversge

ALC Applicstig
High Risk Designs

Application interfaces
Faedback to Design

Prant & Whitney ~ 25 August 1987




THE 1990s

L ]

o PDES commercialized
o Networks with two way flow
« Product process modeler software

e Application
- Design - full ,
- Manutacturing - Near tuil
- Logistics - Some

'GMAP — ONE OF SEVERAL AIR FORCE

{

PROJECTS WHICH SUPPORT PDD -

+ Product Definition Data Interface (PDDI)
« Digital product models for ATF
* Integrated Information Support System (ilSS)

s Spare Parts Production and Reprocurement Support
System (SPARES — 89 start)

¢ Integrated Design System (IDS)

* Engineering Information System (EIS)




STARS/SW PRODUCIBILITY




STARS Program

?E‘: 4§-a

Briefing to DARPA CD/CE Workshop

STARS Software-First Life Cycle

. 6 December 1988

Jim Moore |
(301) 240-7843

moorej@ajpo.sei.cmu.edu

IBM Systems Integration Division

18100 Frederick Pike

Gaithersburg, MD 20879
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SPEAKER PRESENTATIONS




INTERFACE STANDARDS (PANEL #5)




LT TP Y

INTRODUCTION TO vKNTERFACE STANDARDS




NIST

Panel #5, Interface Standards

Chair: Mr. Howard M. Bloom, NIST

. Members: Dr. T. Hopp, NIST
Mr. L. Patrick, DACOM

December 8, 1988

DARPA Concurrent Desigrn/
~ Concurrent Engineering

Workshop




nsr

Introduction to Interface
Standards

Howard M. Bloom
' National Institute of Standards and Technology
December 8, 1988 ' '

nisT

Premise:

Standards are Partners to Technology Development.




NiST

What are the emerging standards research issues
associated with Concurrent Design and Concurrent
Engineering?

Types of Standards-

« Measurement Standards /
+ Equipment (or human) Interface standards )
« CD/CE Information Standards

« Data Exchange Standards

o Architecturs Standards




NIST

‘Measurement Standards

* Sensor Technology/On-Line Measurements
+ Coordinate Measurement Machine/Off-Line
; Measurement

Equipment or Human Interface
Standards

+ Feature Driven Machining or Inspection

+ Requirements Driven Design ‘

« Languages for Design, Process Planning,
Manutacturing Systems and Loglstics
Support




o Manufacturing Data Preparation
N'B S Data Flow :
Part Spacification _ Finished Part
\ Feature and ipmen ' /
eaturs '
Tolerance Entry Procoss Equ y Shop

l/T/I/l
=] & =

AMRF Database

CAD/CAM Room

nsT

, CD/CE Information Standards

"« Product Data Exchange Specification (PDES)
(EDIF, VHDL, etc. for Electronics Industry)




- Cell
Control

Material
Handling

Planning

Machine Tool
Coatrol

Inspection

aM

Integrated Manufacturing Database

Four Dimensions of PDES

Verslons: The ..ope of PDES

~ Toplcal Areas: The Tachnology of PDES

Levels: The Implementation of PDES

Application Areas: Use of PDES




Versions: The Scope of PDES

Design

Analysis |

Planning

Production

Fabrication (assembly)
Deployment
Maintenance

Recover & Re-use
Disposal

Topical Areas: The Technology of PDES

Geometry - | Topology

Shape Representation Tolerancing
Materials - Analysis
Kinematics Design Requirements

Features




1

Levels: The Implementation of PDES'

Passive File
Active File
Shared DataBase

Shared Knowledge Base

Application Areas: Use of PDES

Mechanical
' Electrical

AEC

Apparel
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Data Exchange Standards

« Data Modeling Language (e.g. IDEFIX)
« Distributed Database Systems
* (e.g. IMDAS, IDS, 1282, E1S)
« Network Standards (ISO/OSI Levels)
« Data Directory (IRDS)
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Integrated Manufacturing Data
- Administration System (IMDAS)

« Generic query language (SQL)

« Distributed data management transparent
to application l

« Internal neutral format between SQL
and commercial DBMS

Information Requests

User > IMDAS

Programs | » Integrated

Manufact
Data in Standard D:tgu uring

Format Administration
System

The IMDAS Concept Global
, Database

I
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THE IMDAS ARCHITECTURE

+ Manages data across
network

". MDAS

+ Manages LAN date dlctldnat'y

DDAS | « Converts standard querles into
neutral format

BDAS » Converts neutral format Into
specific query languages -
e o ¢ e o o l
Data « Communication DBMS, tile .
Repaository manager, or memory

NiST

Architecture Standards

. » Model for CD/CE
» implementation of PDES




NIST .
Manufacturing Research Testbed
* Needs to be addressed:
~— Closer coupling of research efforts
— Focusing of research efforts on key issues
— Exposure and dissemination of technology
« Mechanisma:
‘ -~ Test, integrate, and showcase research systems
~— Structure a research effort in information
technology for manufacturing
The Needs Analysis Template
: §\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\}\
) \ Barniers: N
\ s
: § < Those elements that create the §
| § need which wa wish to addrass > §
3 N
Problems; \ N Goats;
\
The clements that define N N
<The clemer § : < The elemants that satisty
] D
N g
N \
N R
- N N
N N
N 3

\\\\\\\\\\\\\\\\\\\\\\\\\‘(\\\\%\\\\\\\\\\\\\\\\\ AR

Strateqy:

<The elements of the project effort that .
overcome the barriers » —




A ANEE A AL R AR AR RN NN \\\

. S

3

‘
N
N
N
N
N
N
3
N
N

- Deveiop consensus of ffecycie model
- Educate & invoive research community in appiicable standardization efforts
- mnmmmnmmmmmn

Need: Focus Research on Key Issues

R RN NS \\\\&\\\\\\\\\\\\\\\\\\\\\\\\\\\\§

Barriers;

. No consensus viaw of the evolution
of manutactudng systems

. mmmmmmm
reseacch ctonts

LTSI, f‘r//ﬂ////kf///mvi/,

L i Lliiis

. High risk of miscirected N - Research fystems not in widespread N A long range rwsearch strategy
research ‘ that relably identifies key issues
- High risk of missing important N Moehmmlnusﬂopm\ddo
technological bamers Q quick assessment of resea
3 products
mmumm ]
to research efforts

N
N
N
N
N
3
3

T Iy T /AR

\}s\k\\\\\\‘ AR R R RN R RN

N /
Strategy:

. De :np PDES concept as & framework for identifying ressarch needs
. Ins.i, excercise, and evaluate ressarch sysiams '
. Assist in establishing a research strategy for DARPAAISTD mfg. nrogram
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Need: Explore and Dlssemlnatg Technology

B
A A A I A ., SRONSNNNNNNANANNG NN
N 3

SISl

SIS 5

S AL

QL S L s

7

R

LA A S e

RY
\ IR NI AN AT oK 3R R N

Strateqy;

« Develop integration technologies based on AMRF principies
= Manufacturing ressarch testbed as showcase

- Use NIST as stepping stone for technology transfer’

A Model of Technology Transfer

Process _)Dg‘;:mT 5 Technology - Manufactpring
Research Testbed Centers Enterprise
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INTERFACE STANDARDS FOR CONCE}'RRENT ENGINEERING
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Interface Standards for Concurrent Engineering
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Some Issues in Interface Standards

« Classification of interfaces
* Technologies for defining interfaces
* Implementation technologies

* Proprietary rights and liabilify

Classification of Interfaces

What are the functions?
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Iinterfaces In Sequential Engineering
Neads Analysis
‘ Requirements specification
' Design
‘ Drawings with dimensioning and tolerancing
Planning
‘ Process plans
Manufacturing
‘ Scheduies
Depioyment
Manuals ' <
Maintenance N
t Recall notices
Recovery
)

Interfaces in Concurrent Engineering

Needs Analysis

{0

< Maintenance

Manufacturing Deployment




Evolution Paths

Information Technology
Standard formats for point-to-point communication

Distributed, shared product knowledge bases

Lifecycle Architect
Traditional, sequential engineering functions.

Coordinated team efforts with evolving goals

Defining Interfaces

* Data and information modeling

‘Model'ing lifecycle functions
* Mapping between application technologies

Interfaces are not integration




Implementation Technologies

+ Standard formats

+ Standard data structures
* Shared data bases

» Shared knowledge bases

Proprietary |Rights and Liability

* Ownership of data

~* Protection of proprietary data .

* Archival data
(the spare parts problem)
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GEOMETRY AND UNCERTAINTY

Ari Requicha

A

| 3
3

Programmable Automation Laboratory
Computer Sclence Department and
institute for Robotics and Intelligent Systems
University of Southern Cealifornia
Los Angeles, CA

SOLID MODELING: CURRENT STATUS

+ Theory
What Is a solid, from the math point of view? (An r-set.)
When is a representation geometrically complete? Vaild?
When is an algorithm correct?

« Computational representations
CSG, BReps, octrees and other spatial partitions, sweeps, ...

« Fundamental algorithms
Set membership classification
Boolean operations
Distances and offsets
Representation conversions
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SOLID MODELING: CURRENT STATUS (cont.)

« Applications
Graphics
Mass properties
Static Interference detaction
Robot and mschanism simulation
" NC eimulation

+ Systems
Many commerciaily available
Graphic interfaces adequate
Substantial resources needed

SOLID MODELING: CHALLENGES

« Complexity

Geomstric: Frea form surfaces, algebraic surfaces of arbitrary degree
Combinatorial: Objects with > 10,000 primitives

» Uncertainty

Computational: numerical errors
Tolerances

« Higher-level representations
Features, constraints, assemblies
Functional representations. (Form from function?)
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SOLID MODELING: CHALLENGES (cont.)

« Application algorithms .
Finite element meshing
Process pilnnlng and NC code generation
Assembly planning and task-level robct programming
Inspection planning and code generation for CMMs and vislon systems

- Exploiting parallel and distributed computation
" Special purpose hardwars, e.g., CSG-bassd display
Distributed modelers , '
Neural nets and cooperative computation

+ Engineering Environments (analogous to Programming Environments)
Integrated set of tools for design, analysis, planning, simulation, ...

TOLERANCING: CURRENT STATUS

* Theory
‘What Is a tolbranceq solld, from the math point of view?
When is a tolsrance specification compiete? Valid?
Emerging, not well understood

« Computational representations
Through limits on paratneters

Through attributes, analogous to ANSI standards for geometric tolerances

Semantics not rigorously understood

+ Algorithms

Tolerance analysis, based on vector loops. Worst case or statistical.
Integration with solid modeis emerging.

——
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(POTENTIAL) TOLERANCING ALGORITHMS

« Analysis of the effects of component tolerances un assemblies

» Allocation of tolerances to components given assembly
requirements

. @mmtion ot inspection plans and Instructions for CMMs

' -' Generation of mandfacturlng and assembly plans

» Synthesis of tolerance specifications from hi
her-lev
(functional) information ¢ °

1988 NSF WORKSHOP ON TOLERANCING

Current practiceé and standards

Theorstical foundations and computer representations
. Analysis and synthesis in design

« Characterization, planning and execution of manufacturing
processes

« Inspection methods and machines

. Assembly, reliability, maintainability, and other fife cycle
considerations
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MAJOR NEEDS

« Math foundations for current standards and theories

» Functional adequacy of current standards and theories

« Integration of tolerances in geometric modelers

. Analysis and synthesis algorithms, and thelr us~ In design

» Relationships between manufacturing processes, costs, and
tolerances

+ Relationship between sampling inspection methods (as used in
CMMs) and tolerance specs that constrain all points on a surface

« Inspection algorithms

1988 NSF WORKSHOP ON MECHANICAL TOLERANCING

Research Opportunities in Theoretical Foundations and Computer Representations

1) Develop mathematical foundations, independant of computer representations. Do tolerances specily a
deterministic ciass of seis (a variational class)? it so, how are these ciasses characterized mathematically?

2) Develop or refine & mathematically Gefined semantics for current standards and theories.

3) Assess existing standards and amerging theories from the points of view of design and assambly, Are tha
functional (inciuding assemblability) requirements of pants adequatcly captured? If not, how shoulid theories
be modified? Are new standards needed? Do we need 10 capture design intent more directly? Can tolerances

- be d3rived from higher-levei specifications?

4) lnvestigate the relationship between sampling inspaction methods (as used in CMMs) and tolerance
specifications that constrain all points on a surface. Should sampled measurements be explicitly
acknowiedged in the tolerance specifications?

5) Extend theories to assemblies, including mechanisms.

6) Study represantational issues. is there a "complete® representation for tolerances, from which all otk 'rs may
be derived? Should thers be ditferent rapresentations for design, manufacturing, inspaction, and other
applications? if so, how do we conven algorithmically between them? Can theories based on constraining
parameters of surfaces deal with form variations? if so, are different sets of parameters needed for design,
manufacturing and Inspaction? Should tolerance zones be represented explicitly? Must toleranced
relationships between geomatric entities be binary, or are n-ary relationships allowabls and usefui? To what
extont should tolerance specifications be influenced by manufacturing and inspection concems?

7) Establish scund criteria for assessing current and future systams for computar-based tolerancing.

8) Davelop user interfaces that hide the mathematical complexity of tolarancing, and faciltate proper functional
specification and interpretation for manufacturing, analysis, and inspaction.
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KNOWLEDGE REPRESENTATION AND DEPENDENCY
IN CONCURRENT DESIGN -

B-24




KNOWLEDGE REPRESENTATION
AND DEPENDENCY IN CONCURRENT DESIGN

Dr. C.J. Russo
GE Aircraft Engines
Lynn, MA

DARPA CONCURRENT DESIGN/ CONCURRENT
ENV INEERING WORKSHOP

December 6-8, 1988
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‘ , : CURRENT SYSTEMS
i Geometry Focused Systems Behavior Focused Systems
CAD/CAM systems b— sero codes
DEPENDANT '
. manuf. process planning FEATURES mech. codes

’assembly

material property codes .

Most Production Cost Control
Activities

Most Design Iteration
Activities

functional features
geometry features

v

(f;otprint constraims)

A  airfoil shape ~ camber
stagger

chordwise thickness
etc.

loading ~ stacking

spanwise thickness
wiC.

(mochaniml design )
A

functional features
geometry featuros

(material prcperties)
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Conventional Material

, ~ Tomposite Material

. “parameterized features® not adequate -- higher abstraction level required

. dramatically different and largely unknown functional & geometric dependancies

~

External Aerodynamics

ENABLING METHODOLOGIES

o [Design Feature Deﬁnition]

- functional features

- geometry features

( Dependancy mj
. apriori knowledge

- gmmo.during design procass

( Interface Methodologio:)

- other disciplines
mechanical systems
costing modeis, etc

- other system components
compressors & turbines
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~ Preliminary Design Impact on LCC

Cumulative percent life-cycle cost {LCC) LCC implicitly determined

100 s
85% -35‘7 T
' “ -
sl
50 S0% /’/’
LCC explicitly incurred
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/ Saveian,] #roduction [ Operations and Support

«<nent

{ DATA O8TAINED FROM BoEING )

PD has large impact on LCC

GE Aircraft Engines PROPRIETARY

MANUFACTURING COST PROCESSES

MACRO MICRO

Existing engines
decomposed into
functional
sub-assemblies

Preliminary design
decomposed into
functional ]
sub-assemblies Manufacturing
Process Plan

Part Drawing

Similarity &

Algorithisms

- “—E--

L4 -~
/7  Manufacturing
- .- - Process Modet ,'

I"BRIDGE COSTNG |
MODELS ]
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. : BASIC TOOLS & RESEARCHISSUES ° ° * =~ °

. Feature Definition & Manipulation Techniques

- multiple views (aero designer to value process engineer)
- multiple abstraction levels (conceptuai io detail design)
- shape manipulation methods (loading distributions and airfoil contours)

J Dependancy Models
- use apriori dependancy kiowledge to direct search
- modify &. generate key dérendancies during design process

- be scaleable to large systems
- track driving dependancies for review & documentation

«  Integration & Interface Tools

- use knowledge-based systems to connect & drive CAE systems
- toolkit for capturing knowiedge & modeliing processes

¢« ' Constraint Modelling & Management

- makes resulting designs "reasonable”
- some need to be functions of dependancies
- heuristic constraints play a significant role

RELATED RESEARCH ISSUES

. Parallel & distributed processing -

- simultaneous & sequential analyses on coorperating hardware
- decomposition methods for complex systems

. Deduction & Learning

- limited apriori knowiedge
- deduce key dependancy information
- provide design insight

. Innovative user interfaces that form a zollaboration with designer

- highly interactive

shared decision authority an fealure dsfinition
- adaptive to experience lyvel

tailored to designer poirt of view & language
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DARPA CONCURRENT DESIGN (CD)/CONCURRENT ENGINEERING (CE) WORKSHOP

MARRIOTT CASA MARINA, KEY WEST, FLORIDA
DECEMBER 6-8, 1988

- LIST OF ATTENDEES -

Mr. Walter Army

DEC

80 Central Street - BXC 1-2
Boxborough, MA 01719
Tel: 508/635-7763

Mr. Oliver L. Baily

. CINCINNATI MILACRON

4101 Marburg Avenue
Cincinnati, OH 45209
Tel: 513/841-8347

Dr. Harold E. Bertrand

INSTITUTE FOR DEFENSE ANALYSIS
1801 N. Beauregard Street

Alexandria, VA 22311

Tel: 703/578-2775

Mr. Kevin Blackwell,

LAWRENCE LIVERMORE NATIONAL LAB
7000 East Avenue, L-130

Livermore, CA 94550 .

Tel: 415/422-8067

Mr. Howard Bloom

NATIONAL INSTITUTE OF STANDARDS
& TECHNOLOGY

Bldg. 220, Room A 127

. Gatthersburg, MD 20899

Tel: 301/975-3506

Robert E. Boykin I

Program Manager

Computer Aided Mfg. -Intl. Inc. -
1250 E. Copeland Road, Suite 500
Arlington, TX 76011

Tel: 817/860-1654

Peter F, Brown

NATIONAL INSTITUTE OF STANDARDS

& TECHNOLOGY

Building 220, Room A-127
Gaithersburg, MD 20899
Tel: 301/975-3513

Charles W. Buenzli, Jr.
Vice President/Director
Al Technology
AMERICAN CIMFLEX
121 Industry Drive
Pittsburgh, PA 15275
Tel: 412/787-3001

Mr. Roger Burkhart

Manager Software Tech Group
DEERE TECH SERVICES
John Deere Road

Moline, I, 61265

Tel: 309/765-4365

Mr. Ralph D. Clark
TRW ’

Bldg. E-2, MS 5061

1 Space Park

Redondo Beach, CA 90278
Tel: 213/812-6005

Dr. Thomas L. De Fazio

C. S. DRAPER LABORATORY
555 Technology Square, MS1E
Cambridge, MA 02139

Tel: 617/258-2913




Dr. Jean-Plerre DeJean

GENERAL ELECTRIC A/C ENGINES
MZ G-42

Cincinnati, OH 45215

Tel: 513/552-5207

Prof. John Dixon

Dept. of Mechanical Engineering
UNIVERSITY OF MASSACHUSETTS
Amherst, MA

Tel: 413/545-4242

Keith Durfee ,

Manager of System Packaging Design
IBM

Dept. C15, Bldg. 703

Pou e, NY 12601

Tek 914/435-1515

Mr. Scott Duvall
PRATT & WHITNEY
400 Main Street

MS 165-35

E. Hartford, CT 06108
Tel: 203/565-7775

Mr, Alexander C. Edsall

C. S. DRAPER LABORATORY
555 Technology Square, MS1E
Cambridge, MA 02139
Tel: 617/258-2908

D.T. Engen
President and Chief Executive
ITT DEFENSE TECHNODOGY CORP.
- 1000 Wilson Boulevard #3000
Arlington, VA 22209-3905
Tel: 703/247-2901

Dr. Joseph W, Erkes

GE CORPORATER & D

P.O. Box 8, Bldg. KWD/244
Schenectady, NY 12301

Tel: 518/387-5195
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Mr. Richard P. Eynon

MARTIN MARIETTA
ELECTRONICS & MISSILES GROUP
P.O. Bax 5837 MP126

Orlarxo, FL, 32855

Tel: 407/356-2952

Dr. Susan Finger
CARNEGIE-MELLON UNIVERSITY
The Robotics Institute

Pittsburgh, PA 15213

Tel: 412/268-8828

Dr. Mark Fox
CARNEGIE-MELLON UNIVERSITY
The Robotics Institute

Pittsburgh, PA 15213

Tel: 412/268-3832

Mr. Paul Frey

SEARCH TECKNOLOGY INC.
4725 Peachtree Corners Circle
Suite 200

Norcross, GA 30092

“Tew 404/441-1457

Dr. G. D. Goldshine

Advanced Manufacturing Engineering
GENERAL DYNAMICS

Pomona Division

P.O. Bax 2507

"Pomona, CA 91769-2507

Tel: 714/868-4342

Dr. David Gossard

Mechanical Engineering Dept.
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'77 Massachusetts Avenue

Bldg. 3-449 or 3-458 .
Cambridge, MA 02139

Tel: 617/253-4465 or 253/3542

Col. Joseph S. Greene, Jr.
DARPA/DMO

1400 Wilson Boulevard
Arlington, VA 22209-2308
Tel: 703/528-2188
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Prof. Martin Hardwick
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